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PREFACE 



Tins is an attempt to put before non-mathematical readers 
a method of studying mechanics. The student will not 
benefit much by merely reading the book, nor will he 
benefit much even if lie supplements his reading by 
listening to lectures on mechanics ; but I believe that if 
by means of lectures he obtains a thorough comprehen- 
sion of the book, and then makes common-sense experi- 
ments with the simple apparatus which is to be found 
even in the poorest laboratories, but which has hitherto 
been used merely to illustrate lectures; if, in fact, he 
uses this book to study mechanics in the manner 
herein recommended, he will gain in a short time such a 
working knowledge of the subject as will well repay his 
labour. I am quite sure also that the mental training 
acquired in this way is of a kind not inferior to that the 
belief in which retains in our schools the study of 
ancient classics and Euclid. 

The principle of my method is one which I have 
tested in practice during the last twelve years, in an 
English Public School, at the Imperial College of 
Engineering in Japan, and in other places. It is simply 
the practical recognition of the fact that all experiment- 
ing must be quantitative. It may exercise th& WHutas 
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of a child, it may please his senses to see certain well- 
known lecture illustrations which are but little better 
than tricks, and possibly for young children there may 
be great instruction in such exhibitions, but they con- 
tain no instruction for thinking men who can obtain 
sufficient amusement elsewhere. Our subject must be 
studied through quantitative experiments, and when this 
method of study is adopted it is but of little consequence 
at what part of the subject the student begins, so long as 
lie begins from his own natural standpoint, the stand- 
point given him by all his experience. 

The primary fact in technical education not yet 
sufficiently recognised is this — that illiterate men often 
acquire and possess a useful knowledge of the principles 
underlying their trade. But the theory usually acted upon 
is that a man must be quite ignorant of the principles 
of his trade unless he has been led up to them through 
weary years* study of the elementary principles of science. 
On the contrary, the wise apprentice sees for himself 
that some illiterate journeyman gets good wages, is well 
thought of by his master, is able to do his work better, 
perhaps, than any other man in the shop, can be trusted 
in emergencies, and has a confidence in himself which 
experience justifies; and the apprentice feels that 
although the journeyman might be a better workman if 
he knew the elementary principles of science, still, some- 
how or other, he has gained an exact knowledge of those 
more complicated laws with which he has to deal in his 1 
trade. j 
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It is good for a man to know the well-established 
elementary principles of science, to which all complicated 
laws can be reduced ; this enables him to compare his 
own experience with that of all other people, and enables 
him to make better use of his own observations in the 
future. 

In giving this knowledge, however, the usual plan of 
operations is to act on the assumption that the man 
knows nothing, because he did not begin his previous 
study with'Euclid'8 axioms, and to teach him the elemen- 
tary principles as schoolboys of no experience are taught. 
Now, the standpoint of an experienced workman in the 
nineteenth century is very different from that of an 
Alexandrian philosopher or of an English schoolboy, and 
many men who energetically begin the study of Euclid 
give it up after a year or two in disgust, because at the 
end they have only arrived at results which they knew^ 
experimentally long ago. 

I am inclined to believe that if, instead of forcing the 
workman to study like a schoolboy, we were to teach the 
boy as if he had already acquired some of the experience 
of the workman, and made it our business to give him 
this experience, we should do better than at present 
That is, let the boy work in wood and metal, let him 
gain experience in the use of machines, let him use 
drawing instruments and scales, and you put him in a 
condition to understand and appreciate the truth of the 
fundamental laws of nature, such a condition as boys 4 
usually arrive at only after years of study. It is 
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true be may regard the 47th proposition of the First Book 
of Euclid as axiomatic; he may think the important 
propositions in the Sixth Book as easy to believe in as 
those of the First \ he may have greater doubts as to 
the universal truth of these propositions than mathe- 
maticians usually have ; but it is possible that these 
evils are not unmixed with good. 

The readers of this book are supposed to have some 
previous knowledge of the behaviour of materials and 
machinery. My aim is to give the student such a 
training as will cause him to think exactly, to give him a 
metjiod of studying whatever phenomena happen to come 
before his eyes. Phenomena which, when carelessly 
considered in the light of elementary principles, appear 
to follow complicated laws are often found to follow 
approximately simple laws of their own. A man who 
knows these roughly correct laws is in a good position 
for learning the fundamental principles of mechanics ; 
but his teacher must try to view the subject from his 
student's standpoint, else he cannot take advantage of 
the fact that his pupil may already possess an excellent 
foundation on which a sup rstructure of knowledge may 
be built. I believe that the most illiterate men may be 
rapidly taught practical mechanics if we take the light 
way to teach them — approach the subject from their 
point of view rather than compel them to approach it 
from ours. 

In a book which is to be used as a general class book 
by boys and men it is impossible to assume that the 
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reader has an extensive previous practical acquaintance 
with natural phenomena ; but it will be seen that some 
such past experience is assumed, much more than is 
usually ascribed to the ordinary student of mechanics. 
Moreover, he is credited with the possession of common 
sense, and with the feeling that all human knowledge, 
instinctive and rational, is the result of experience. 

There is much in this book which mav seem new to 
the reader, but inasmuch as I have been, and still am, a 
student, and as no man can' go through life without 
gathering to himself and regarding as his own many 
notions of other men, it is probable that there is nothing 
here, either in the matter or method, which is wholly my 
own, My partnership in scientific work with Professor 
Ayrton during the last seven years would in itself preclude 
any thought of such ownei'ship. For the treatment of 
some parts of the subject I know that I am indebted to 
my recollection of the lectures of Professor James 
Thomson, delivered when I was one of his students 
fourteen years ago. How much is owing to Sir William 
Thomson, to Thomson and Tait, and to Professor Ball it 
is quite impossible to say. 

For the careful correction of proofs I have to thank 
my assistant, Mr. William Robinson, M.E., who has taken 
as much pains to eliminate numerical errors, puzzling 
sentences, and crudities of language as if the book had 
been his own. 

JOHN PERRY. 

71, Queen Street, Tendon, E.G. 
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It is the most natural thing in the world to be angry 
when our prejudices are insulted ; and men who have 
somehow acquired a prejudice for a lifeless method of 
teaching have the right to be angry at the principles 
enunciated in the preface to the first edition of this book. 
To the two authors of the three unfavourable criticisms 
which the book has received I can offer no hope of my 
conversion from my heretical opinions, and I must meekly 
face these inquisitors again. In even the commonest 
phrases I use the heresy makes its appearance. I agree 
with them that the heresy is one of a dangerous kind. The 
rapid sale of a first edition argues many followers; and now 
that I have eliminated some of the errors which invariably 
attend a reform, there is a possibility that even greater 
danger may attend the publication of this second edition. 

Like Newton's third law of motion, and like the second 
law of thermodynamics, the heresy in which I am found 
to be a guilty believer may be put in another form from 
that in which J have already enunciated it. I believe 
that the scientific work of the future will be done by the 
masses working under leaders, these leaders doing some- 
thing more than attacking problems single-handed in their 
studies ; that the education of these leaders has alreadv 
had sufficient attention paid to it ; and that we are in 
immediate need of special methods of education for their 
followers. 

One of my critics would tell an army of men that 
each of them must have expensive armour and must be 
educated like a knight-errant, else he may not fight in 
the battle against the forces of nature. I say that 
under experienced leaders, and armed with instruments 
of precision whose construction and use they understand, 
a body of men, possessing common sense, becomes a 
powerful engine of attack against the forces of nature. 
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CHAPTER 1. 

INTRODUCTORY. 

1. What I expect the reader to know already. — In 

this book I mean to consider the principles of mechanics 
as they are applied in many trades. It is important that 
I should state in the beginning what is the amount of 
knowledge which I expect my reader to be possessed of 
beforehand. 

In the first place, he must know the meaning of 
decimals in arithmetic. It is a very strange thing that 
the meaning of a decimal, which might easily be taught 
to children before they begin addition, is usually regarded 
as a part of arithmetic which ought to come after vulgar 
fractions. Secondly, my reader must own a box of 
drawing instruments ; he must be able to set off at once 
any angle when it is stated in degrees ; he must be able 
to draw a triangle to any scale when one side and two 
angles, or two sides and one angle, or when three sides 
are given to him : in fact, he must know as much of 
the use of drawing instruments and of the use of a 
scale as a good teacher can give him in one lesson. 
Thirdly, ho must be aware of the fact that a letter of the 
alphabet or any other symbol may be used to represent 
a physical magnitude. Probably there is nothing more 
annoying to the person who attempts to give lessons in 
applied science than the fact that few workmen know 
the meaning of the simple symbols 4- — x -r V. Even 

B 
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when they are aware of the meaning of these symbol 
they will often get frightened at a mathematical ex 
pression, although, if they spent one hour in learning the 
meanings of such expressions they would never feel 
afraid of them again. A mathematical expression is 
simply a very concise way of writing a rule. There are 
many books of rules, such as Molesworth's, and any 
workman who knows decimals in arithmetic might be 
able to use every rule in Molesworth with an hour's 
study ; but he never attempts to learn the key to these 
secrets, and when he goes to a teacher, it is usually for a 
long dry course in algebra which he does not really need. 
Please remember that very few men who use a book of 
logarithms know how a logarithm is calculated ; and just 
as a man may use a watch or a slide rule, or any other 
calculating machine, who does not know how to make 
one, so you may be able to calculate from a mathematical 
formula, although you do not know how it has been 
arrived at. I expect that the reason why men have 
so little practical knowledge of such matters, lies 
in the fact that their teachers know only one way 
of studying — the way in which they themselves have 
been taught — the way of the Universities, which has 
unfortunately become crystallised in England, and is now 
in use in Science Classes. It is forgotten that practical 
men have an experience and an amount of common sense 
which children have not, and there is a way of giving 
new ideas to men which we cannot employ with children. 
This brings me to my fourth requirement, namely, that 
my reader must know the elementary principles of 
mechanics. If his acquaintance with mechanics is merely 
derived from books or lectures, he has not the knowledge 
of which I speak. He cannot know the parallelogram of 
forces till he has proved the truth of the law half a dozen 
times experimentally with his own hands. I have met 
with men who, when given two sides of a triangle in 
inches, and the angle between them in degrees, could 
calculate readily the length of the third side and the 



sizes of the otlier angles of the triangle, and yet who li 
never tried with their instruments and drawing paper 
whether their oalculations were correct. Such is not th 
sort of knowledge wliich I want nay readers to havi 
I want them to think of things as being measurable, 
bun as statements which ought to be submitted to i 
test of their own experiments, however rough, befoif 
they are accepted as true. 

2. Equilibrium of Forces.— Take as an example the 
law called ''the triangle of forces" — if three forces act 
i small body, and just, keep it at rest ; then if we 

sheet of paper 
e straight lines paral- 
to the directions of 
i three forces, anil let 
i form a triangle, in 
a way that arrow- 
representing the 
directions o£ the forces 
go round the triangle in 
the same way, it will be 
tod that the lengths of 
) sides of the triangle 
proportional to the 
I" the forces. 
the statement of 
taw has very little 
ailing to the student 
til he gets three strings 
i three weight*;, as in . 
a allows the strings to pull at a si 
mi time. Bat when, after all sort 

ights and different positions of the smull body, he finds 
a his rough tests of the law prove to be satisfactory 
C time, he hus obtained an exact notion of wliat. the 
means, which he can never lose again. If. instead <>f 
e forces, he lets four or more forces act upon the small 
f, and, when they balance one another, he draws straight 
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lines parallel to the directions of the forces and represent 
ing their amounts, according to any scale he pleases, taking 
care that, in whatever order he draws them, the arrow- 
heads run all in the same sense, he will draw a polygon ; 
he will find the polygon to be closed and complete when 
he finishes, and he will prove roughly the law of "the 
polygon of forces." He will at once see that the triangle 
of forces is merely a simple case of the more general 
polygon of forces. 

3. Our one Theory insufficient. — Now, no reasoning 
man can make these trials without finding that there is 
a great deal to be observed beyond what his teacher or 

his book has taught him. A force has 
been represented by the pull in a string 
passing over a little pulley with a weight 
at its end. He finds that as his pulley 
works more easily, and as its pivots 
are better oiled, his proof of the law is 
better and better : in fact, he finds that 
the pull in a string is not exactly the 
same on the two sides of a pulley. If 
he takes one pulley an; I one string, and 
two weights, called a and b, Fig. 2, at 
its er.ds, he will find that there is equi- 
librium even when the two weights are 
not exactly equal. If A is slightly 
gveater than e, and he increases the 
weight of A till it is just able to over- 
come B, then the difference between the 
weights represents what may be called 
the friction of the pulley. If now he 
increases the weights which he uses, he will find that the 
friction is proportionately increased, and he will get to 
understand that this is a general law in machinery:' 
" friction is proportional to load." Again, he sees that 
this friction, which is a resistance experienced in tho 
rubbing together of any two surfaces, is a force which 
always opposes motion, always acts against the stronger 
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influence. Suppose, for example, that ho found that a 
weight of 6'1 ounces was just ahle to overcome a weight 
of S ounces; he will find that a weight of about 41) 
ounces will just be overcome by a weight of 5 ounces, 
and that there is equilibrium with 5 ounces and any weight 
varying from 5'1 to 4'9. Friction is then a re- 
:h always helps the 



aker to pr, 
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4. Law of Wort- — Take any machiue, from a s 
pulley to the most complicated mechanism. Let a w 
a, hung from a cord round a grooved pulley or axle 
part of the mechanism, balance 
another weight, B, hung from a 
cord round another axle orpulley 
somewheie else. In Fig. 3 we have 
imagined that the mechanism is 
enclosed in a box, and only the 
two axles in question make their 
appearance. Now move the me- 
chanism so that A fails and b rises, 
mid observe their motions Sup- 
pose that when a falls 1 foot B rises 
20 feet, then if there were no 
friction in the machine a weight 
at A is exactly balanced by one- 
twentieth of this weight at B. 
This is the law which you will find 
proved in books on mechanics. 
The reason why it is true is this. 
The work or mechanical energy 
given out by a body in falling 



light, 




red by the 



weight of the body multiplied into the distance through 
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which it falls. It is in this way that we get the energy 
derivable from the fall of a certain quantity of water 
down a waterfall, and it is in this way that we find out 
whether a certain waterfall gives out enough power to 
drive a mill (see Glossary). Similarly the energy 
given to a body when we raise it, is measured by the 
weight of the body multiplied by the vertical height 
through whjch it is raised. Now every experiment we 
can make shows that energy is indestructible, and con- 
sequently, if I give energy to a machine, and find that none 
remains in it, it must all have been given out by the 
machine. Therefore the energy given out by A in falling 
slowly must be equal to the energy received by B in 
rising, and as A falls 1 foot when b rises 20 feet, the 
weight of A must be twenty times the weight of B. If, 
then, there were no friction in the machine, and if a 
weight of 20 lbs. were hung at A and a weight of 1 lb. 
at B, we should find that if we start a downwards or 
upwards there will be a steady motion produced. Any 
excess at a will cause it to overcome B, the weights 
moving more and more quickly as the motion continues. 

Now, in our machine, Fig. 3, we can always find by 
trial what is the velocity ratio; that is, the speed of B 
as compared with the speed of A. But when we try to 
balance a weight at B by a weight at A, we find that the 
above relation is quite untrue. Hang a weight of 1 lb. 
at b, hang a weight of 20 lbs. at a, there is certainly a 
balance, but when we have somewhat less or more than 
20 lbs. at a there still is balance. The reason for this is, 
that there is friction in the mechanism, and this friction 
always tends to resist motion, always acts against the 
stronger influence. 

5. Effect of Friction. — We shall now proceed to find 
out in what way friction modifies the law given in the 
books which I have just spoken about. You must make 
actual experiments with some machine, if you are to get 
any good from your reading. Hang on a weight, b, and 
find the weight, a, which will just cause a slow, steady 
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motion. Do this when a number of different weights 
are placed at b. Now, suppose you have measured the 
velocity ratio, that is, suppose you find that B rises four 
times more rapidly than A falls. Then, according to the 
books, there would be an exact balance if A were four 
times the weight of a On actual trial, however, I find 
in a special case the following table of values * — 

A overcomes B when 
A is 23*4 ounces and B is 5 ounces 



»> 


447 


n 


1> 


10 


»» 


65-4 


»» 


»» 


15 


>» 


86-8 


>1 


»» 


20 


>) 


107*6 


»> 


1J 


25 


>» 


128*8 


>» 


)> 


30 




1496 
1710 






35 
40 






But if there had been no friction in the first experi- 
ment, A would have been 20 ounces instead of 23-*, 
hence the friction is represented by this 3*4 ounces. For 
every experiment let this be done, subtract four times 
B from A and call this difference the friction. Now how 
shall we compare this friction with the corresponding load 1 

6. The use of Squared Paper.— And here we come to 
a matter of the greatest importance to the practical man, 
which the old-fashioned books on mechanics and old- 
fashioned teachers of Science Classes seem not to know 
anything about. How do we practically compare two 
things whose values depend on one another 1 How do 
we find out the law of their dependence 1 It is a strange 
fact that there should be a class in the community who 
have a little difficulty in manipulating decimals in arith- 
metic, but it is almost a stranger evidence of neglected 
education that so many people should be ignorant of the 
great uses to which a sheet of squared paper may be put. 

A sheet of squared paper can be bought very cheaply. 
It has a great number of horizontal lines at equal 
distances apart, and these are crossed by a great number 
of vertical lines of the same kind, so that the sheet is 
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covered with little squares. This sheet will enable n>e 
tirst of all to correct for errors of observation in the above 
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series of experiments ; and, secondly, to discover the law ■ 
which I am in search of. A miniature drawing is u'hown 



Chap. D.] USE OF SQUARED PAPER. 9 

in Fig. 4, many lines being left out because of the 
difficulties of wood-cutting. At the bottom left hand 
corner I place the figure 0, and I write 10, 20, <fec, to 
indicate the number of squares along the line, A. In- 
stead of 10, 20, <fec, I might write 1, 2, Ac., or 100, 200, 
♦fee, according to the scale I am going to use. Indeed, 
on account of the friction being so much less than the 
weight a with which it is to be compared, I number the 
squares along the vertical line F by 1, 2, <fcc. instead of 
10, 20, <feci We can employ any scale we please in repre- 
senting either of the things to be compared, and it is usual 
to multiply all the numbers of one kind by some number, 
so as to represent all our experiments on one sheet of paper, 
and on as much of this sheet as possible. Having sub- 
tracted four times B from a, I find the following numbers: — 



A. 


Friction. 


A. 


Friction. 


23-4 . 


. 3-4 


107-5 . 


. 75 


44-7 . 


. 4-? 


128-8 . 


. 8*8 


654 . 


.. 54 


149-6 . 


. 96 


86-8 . 


. 6-8 


1710. 


. 110 



I now find on my sheet of paper the point p, which is 
23*4 horizontally and 3*4 vertically, and mark it with a 
cross in pencil Q is 44*7 horizontally and 4*7 vertically, 
and so for the others. The last point, w, is 171 
horizontally and 11*0 vertically. We guess at the 
decimal part of a small square. The point p represents 
my first experiment, and every other point represents one 
experiment. Now we are certain that if there is any 
simple law connecting load and friction, the points P, Q, to 
w, lie in a simple curve or in a straight line. You see that, 
in this case, no simple curve will suit the points ; they 
would evidently lie in a straight line, only that we made 
some errors of observation. You mu'st now find what 
straight line lies most evenly among all the points ; this 
you can do by means of a ruler or a fine stretched string, 
and the line m n seems to me to answer best. It tells 
me, for instance, that when a is 44*7 the, friction is really 
4*5, instead of 4*7. Take any point in the line, its 
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vertical measurement gives me the true friction corres- 
ponding to a load represented by its horizontal measure- 
ment. Thus, for instance, you see that friction 5*0 
corresponds to load 55. 

This is a simple way of correcting errors made in 
experiments, but you cannot hope to understand much 
about it till you actually make experiments and use the 
squared paper. You will find the matter all very simple 
when you try for- yourself ; my description of it is as com* 
plicated as if I were teaching you to walk. 

7. If, at any time, you make a number of measure- 
ments of two variable things which have some relation to 
one another, plot them on a sheet of squared paper, and 
correct by using a flexible strip of wood or a ruler, to 
draw an easy curve or a straight line so that it passes 
nearly through all the points. If the line is straight, the 
law connecting the two things will prove to be a very 
simple one. In the present case it means that any 
increase in the load is accompanied by a proportionate 
increase in the amount of friction. Thus, when the load 
is 0, the friction is 2*3 ; when the load is 100, the f notion 
is 7*2. That is, when the load increases by 100 the 
friction increases by 4*9, so that the increased friction is 
always the fraction, *049, of the increased load. In fact, 
it is- evident that we can calculate the friction at any 
time from the rule 

Friction = 2 3 + -049 a. 

That is, multiply the load a in ounces by -049, and add 
2*3, the answer is the friction. 

8. Law of Friction. — Our result is that the total fric- 
tion is equal to the friction, 2*3, of the machine unloaded, 
together with a constant fraction, -049, of the load. Now 
when a similar series of experiments is tried on any- 
machine, be it a watch or clock, or be it a great steam- 
engine, we always find a similar simple law. 

If you clean all the bearings or pivots, or if you use a 
different kind of lubricator, you will get other values for 
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the two numbers in the above rule, but the law will 
remain of the same simple kind. 

9. Force of Friction. — We have in all this used the 
term " friction," or the term " effect of friction," to mean 
the difference between the weight which would balance 
another through the mechanism if there were no resist- 
ance to the rubbing of surfaces, and the weight which 
will just overcome the other when there is such resist- 
ance to rubbing of surfaces. At any rubbing surface 
there is a force of friction which is proportional to 
the pressure l>etween the surfaces. At the rubbing 
surface itself we can speak of this force of friction, 
but when we speak generally of the whole friction 
of a machine, we are speaking, not of the force of 
friction at any one surface, for this is different probably 
from the force of friction at any other rubbing surface, 
but we speak of an effect which is produced, somehow, 
by the friction everywhere in the machine, wherever there 
is a pivot, and wherever the tooth of one wheel rubs on 
another. 

10. Loss of Energy dne to Friction. — Thus, in the 

simple case with which we began (Art 3), the difference 
of pull in a cord on the two sides of a pulley was 
what we called the friction of the arrangement, whereas, 
really, the friction takes place at every point of the 
pivot where rubbing occurs, and the force at one point 
may not be the same as the force at another point. 
Again, any force acting in the cord has a greater lever- 
age about the axis than any of the forces of friction 
has. The real connection between the two things is, 
then, this : what we have generally called " the effect of 
friction," or " the friction of the arrangement," multiplied 
by the velocity of the cord on which it is measured, is 
equal to the sum of all such products as the friction at 
any point in a rubbing surface multiplied by the velocity 
of rubbing. In fact, if the weight a in falling cause the 
weight B to rise, the work done by A is greater than 
the work done on b by an amount which is called tha 
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work lost in friction, and this is the work done against 
the forces of friction at all the rubbing surfaces. 

If we know the force of friction at any place, in 
pounds, and the distance, in feet, through which this 
force is overcome, that is, the distance through which 
rubbing has occurred, the product of force by distance 
measures the work or energy spent in overcoming friction, 
in what is called foot-pounds. This energy is all 'wasted, 
or, rather, it is all changed into heat and does not come ' 
out of the machine as mechanical work, the shape in 
which it was when we put it into the machine. And 
inasmuch as no machine can be constructed which will 
move without friction, we never get out of a machine as 
much mechanical work as we put into it 

11. Friction at Bearings of Shafts. — At almost 

every rubbing surface Which you can consider, the force 

of friction is different at every point of the surface, and 

it is generally acting in different directions at different 

^—^ points. Consider, for example, a 

f- \ horizontal shaft and its healing (Pig. 

. I \ 5). The force of friction tit c, per 

" \c x v - b ' ' square inch of area of rubbing sur- 
' ,, S. ^±^y , face, is probably not the same as at 
HHV a. A very little difference in the 
- • size of the shaft or its bearing will 

F * s - cause a considerable difference in the 

pressure per square inch at C or at a. 
Now the force of friction at c, multiplied by the velocity 
of rubbing, gives the work or energy lost per second in 
friction at c ; and this, added to the energy lost at every 
other place where rubbing occurs, gives the total loss of 
energy per second at all the points. It is not, then, a 
simple matler to investigate the force of friction at every 
point of such a bearing ; and the rigidity of the metal, 
and a number of other important matters, must be taken 
into account in investigating the force of friction every- 
where when the shaft is transmitting different amounts 
of power. As we have already seen, however, experiment 
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shows that the energy lost in friction for a certain 
amount of motion increases proportionately with the 
energy actually transmitted by the shaft Keeping in 
mind, then, the general law — " the force of friction is 
proportional to load" — it is easy to see how to reduce 
the frictional loss in any machine. For instance, when a 
wheel is transmitting power, the load on the rubbing 
surfaces of its bearings or pivots depends on the power 
transmitted. Now, the actual force of friction at the 
rubbing surface is about the same, whatever be the size 
of the bearing ; but the distance through which rubbing 
occurs when the wheel makes one revolution is less as we 
have a less diameter of bearing ; in fact, the force of 
friction, multiplied by the circumference of a cylindric 
bearing, is the energy in foot-pounds lost in one revolu- 
tion. Our rule is, then, to make this diameter as small 
as possible, consistently with sufficient strength. The 
wheel of a carriage is made large, and the axle, where 
rubbing occurs, is made as small as possible, because in 
this way the carriage moves over a great distance for 
a small amount of rubbing. There is another reason, 
however, for the use of large wheels in carriages on 
common roads — namely, their being better able to get 
over obstacles, such as stones. In some machines, where 
it is important that there should be very little friction at 
the bearings of axles, the axles are made to lie at each 
end, in the angle formed by two wheels with plain rims. 
The main axle rolls on these wheels, and it is only at the 
axles of the wheels that there is rubbing. This rubbing 
is a very slow motion, and as the force of friction is but 
little increased in consequence of the weights of the 
friction wheels, the energy lost in friction may be made 
very small in this way. 

12. If you compare the parallel motion which is still 
used in some large steam-engines to cause the piston-rod 
to move in a straight line, with the slide which is now so 
common, you will see that there i« very much less loss 
of energy by friction when the parallel motion is em- 
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ployed because, whereas in the slide the rubbing motion 
is as much as the motion of the piston, in the parallel 
motion rubbing only occurs at the pivots of the arrange- 
ment. Unfortunately, this arrangement does not allow 
the piston-rod end to move exactly in a straight line, and 
produces some friction between the piston and its cylinder, 
and between the piston-rod and stuffing-box; and it is 
also much more costly and less compact than slides. 
Hence slides are coming into general use. 

13. In quick-moving shafts, it is usual to make the 
journals or bearings longer in proportion to their diameter 
than in slow-moving shafts. This is rendered necessary 
by the fact that, as all the energy wasted through friction 
is converted into heat, when there is more power wasted 
in friction we ought to let the heat get away more 
rapidly. Giving greater rubbing surface has this effect. 
Also, as the materials are more abi aded when the velocity 
is too great, lengthening the journal diminishes the pres- 
sure at every place, tending thus to counteract the effect 
of increased velocity. 

14. Mechanical Advantage. — In books on mechanics 

you will usually find that, when machines are described, 
they are only considered in relation to their Mechanical 
Advantage, That is, suppose a small weight, P, usually 
called the power y is able by means of the mechanism to 
cause a larger weight, w, to rise, the ratio of w to P is 
called the mechanical advantage. Now, in nearly all 
cases you will find that, when there is a mathematical in- 
vestigation of a machine, the assumption is made that 
there is no friction. I have already shown you that the 
problem of taking friction into account is a very difficult 
one. But, as we have seen, a practical man can experi- 
ment on the effect of friction, and obtain results which 
the mathematician never attempts to deduce ; and, 
happily for us, these results are generally very simple. 
Let the reader make a few experiments himself, or let 
him by means of squared paper find the relation between 
p and Q from the following results, taken from a crane 
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whose gearing was well oiled, and whose handle was re- 
placed by a grooved wheel, round which was a cord sup- 
porting f: — 

w. p. 

Weight just Power jtut able 

Overcome. to Overcome Weight. 

100 lbs 8*5 lbs. 

200 , 12-8 „ 

300 „ 170 „ 

400 21-4 „ 

500 „ 25-6 „ 

600 „ 29-9 „ 

700 „ . . .. . 34-2 w 

800 „ 385 „ 

The weight capable of being lifted slowly by the crane 
we call w. We found that p fell forty times as rapidly 
as w rose, and you may have imagined that the me- 
chanical advantage was forty, or that a weight, p, could 
lift a weight, w, forty times as great as itself. This 
would be true if there were no friction ; but we see that 
in practice, it is not the case. Plot the above values of 
p and w carefully on squared paper, and you will find that, if 
the weight w is increased 1 lb., p must be increased -0429 lb. ; 
and also that when w is 0, a power, p, of 4*21 lbs. is needed 
to cause a slow motion of the crane ; so that the law is 

p s 4-21 + ' 0429 w. 

Namely, multiply the weight w in pounds by the fraction 
•0429, and add 4*21 : the answer is the power required 
to lift w. When you have worked out this rule, employ 
it in finding how much power, p, is required to lift a ton 
with such a crane. Answer, 100*3 lbs. 

15. Bate of doing Work. — I have been using the 
word power in a very wrong sense in Art. 14, because 
you will find it used in this way in books on mechanics. 
I have used it as a mere name for the weight P, which 
causes the weight w to rise. But the word 'power will 
be used by us in future in a very different sense. If 
a weight of 1,000 lbs. fall 100 feet in two minutes, 
it gives out 1,000 x 100, or 100,000 foot-pounds oi 



the length of the plane. Thus, if 
length of the plane 10 feet for a 
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a 1,000 lbs., and the 
; of 2 feet, then ten 
times P is equal 
to 2,000, ot p is 
200 lbs. 

19. The Screw. 
— Again, supjHiBe 
there is no friction 
inthescrewAEjFig. 
8, if it rise it lifts a 
weight say of 3,000 
lbs. !Now, if the 
screw make one 
tarn it rises by a 
its pitch, that is, the distance 
Say that the pitch is -02 foot, 




distance equal to 

between two threads, 
then when the screw 
makes one turn it 
does work on the 
weight 3,000 x -02, or 
GO foot-pounds. But 
to do this, P must fall 
through a distance 
equal to the circum- 
ference of the pulley A, 
about which I 
suppose the 
cord to be 
wound. Sup- 
pose the cir- 
cumference of 
the pulley to 

be 6 feet, then p . B 

p multiplied by 

6 must be 60, or p is 10 lbs. The rule, then/ for 
a screw is this — power multiplied by circumference of 
'the pulley equals weight multiplied by pitch of screw. 
It is not usual to have a pulley and a cord working 
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m screw ; it is more usual to have a handle, and to push 
or pull at right angles to the handle. Instead of the cir- 
cumference of the pulley, we should take, 
then, the circumference of the circle de- 
scribed by the point where the power is 
applied to the handle. 

Exercise. —A steam-engine gives to a 
propeller shaft in one revolution 60,000 
foot-pounds of work; the pitch of the 
screw is 12 feet What is the resistance 
to the motion of the vessel 1 Answer : 
The resistance in pounds multiplied by 12 
gives the work done in overcoming tliis 
resistance, and this work (leaving friction 
outofaccount)mListbeequaltoG0,000foot- 
pounds, hence the resistance to the motion 
of the vessel is 5,000 lbs. (We have here 
assumed that there is uo slip in the screw.) 

20. A differential pulley-block is 
shown in Fig. 9. When the chain a is 
pulled, it turns the two pulleys, or rather 
one pulley with two grooves, b and C. 
Now C is a little smaller than b, so that, 
although at r> the chain is lifted, it is j 
lowered at b. If the circumference of j 
b is 2 feet, and that of c is 1*99 foot, i 
then, when, a is pulled 2 feet, d is lifted | 
2 feet, but e is lowered 1*99 foot, heuce ! 
the pulley F, although it will turn a con- 
siderable distance, will only rise "005 foot, 
carrying the weight w with it. If w is 
2,000 lbs., then 2,000 X 005, or 10, must F ig. ft 

be equal to P, the pull in A, multiplied by 
2, hence p is 5 lbs., or a power of 5 lbs. is able to lift a 
weight of 2,000 lbs. The general rule, then, for the 
differential pulley-block is, power multiplied by circum- 
ference of larger groove a is equal to weight mvMiplied by 
\ difference between the circutnferencet of the two groove* 
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B and c. You will find that this rule comes to the same 
thing — 'power multiplied by diameter of B is equal to 
weight multiplied by ^ t/ie difference between tfie diameters 
of B and c. The grooves are furnished with ridges to* 
catch the links of the chain, so that there shall be no 
slipping. 

21. Wheel and Axle. — If a and b, Fig. 10, are two 
pulleys or drums on the same axis and having cords 
round them, a small weight, p, hung from A, will balance 

a larger weight, w, hung from b. For, 
suppose that one complete turn is given 
to the axis, p falls a distance equal to the 
circumference of A, whilst w is rising a 
distance equal to the circumference of b. 
Hence 

p x circumference of A = w x cir- 
cumference of B, 

or, what really comes to the same 
thing, 

p x diameter of A = w x diameter 
of B, 
or p x radius of A = w x radius of B. 

£2. Equilibrium in one Position. — 
In all the machines which we have 
hitherto considered, we could give 
motion without altering the balance of 
Fig. 10. p an d w > hut there are many machines 

in which the mechanical advantage alters 
when motion is given. In such cases you will employ 
your general principle, but you must make your calcula- 
tion from a very small motion indeed. For instance, in 
the inclined plane, if the cord which prevents the weight 
from falling is not parallel to the plane — say that it is 
like m, Fig. 11 — you will find that the necessary pull 
depends on the angle the cord makes with the plane. Now, 
suppose that the cord pulls the carriage from b to c, evi- 
dently the angle of the cord alters. The question is, what is 
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p, that it may support w in the position shown in the 
figure t We know that it will be different after a little 
motion, but what is it now ? Imagine such a very small 
motion from b to c to occur that the angle of the cord does 



not alter perceptibly, and now make a magniiied drawing, 
Fig. 12. P has not fallen as much as the distance b e, it 
has only fallen the distance ba (ca is perpen- , \ 
dicular to b a). In the meantime the weight \ 
has been lifted the distance k c. Hence, 
w x k o ought to be equal to P x b a. 

Thus, if yon measure k c and b a on your 

magnified drawing to any scale you will find *'"■■ ** 

the relation between P and w. Another way 

of finding the same relationship is this. We know that 

,< the weight of W acting downwards, the pull in 

/ \ the cord, and a force acting at right angles to 

•J j* the plane, are the three forces which keep w 

r \ ■ where it is. Draw a triangle whose three sides 

'■j are parallel to the directions of these three forces, 

Pig. 13. F>g- 13, with arrow-heads going round in the 

same way ; then x and y are in the proportion 

of w and p. Here we have used the principle called "tha 

triangle of forces" to find P. 
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S3. Body turning about an Axis.- 
Iiave a body which can move about s 
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In Fig. 14 we 
It is acted 
on by a num- 
ber of cords 
exerting forces 
which just 
balance one 
another. Now, 
if you make 
this experi- 
ment you will 
find that you 
mustkf 

body, because 
it is in such a 
state that a 
very small mo- 
balance. 

Suppose, however, y 

a pulley whose 

radius is equal 

to the distance 

a o ; the cord 

b on a pulley 

whose radius 

is equal toBO, 

and so on, you 

would have the 

shown in Fig. 
15, which dif- 
fers from Fig. 
14 ill that a 
small motion 
has no effect 
on the balance. Now what is the condition of balance in 
this case t Suppose one complete turn given to the axis, 
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every cord shortens or lengthens by a distance equal to the 
circumference of the pulley on which it is wound. Let 
a and B lengthen, and let c shorten, then we know that 
the work done by a and b must be equal to the work 
done against c. Hence, 

Pull in A x circumference of a's pulley, together with 
pull in B x circumference of b's pulley, must be 
equal to pull in c x circumference of c's pulley. 

We might, however, use the diameters or radii of the 
pulleys, and so we see that in Fig^ 14 there is balance if 

Pull in A x ao together with pull in b x bo, equals 
pull in c x co. 

The pull in A X ao is really the tendency of a to turn 
the body about the axis, and in books on mechanics it 
is called the moment of the force in a about the axis o. 
The law is then, if a number of forces try to 
turn a body and are just able to balance 
one another, the sum of the moments of 
the forces tending to turn the body against 
the hands of a watch must be equal to the 
sum of the moments of the forces tending 
to turn the body with the hands of a watch. 

24. The Lever. — Thus, for example, a lever is a 
body such as I have spoken about, capable of turning 
about an axis. You will find that our general rule of 
work, and this rule of moments, will give the same result. 
If two forces act on a lever 9 they will balance when their 
moments about t/ie axis are equal ; that is, when P, multi- 
plied by the shortest distance from the fulcrum or axis to 
the line in which P acts, is equal to w multiplied by the 
distance of the fulcrum from the line in which w acts. 

If a number of forces balance wlien acting on a lever, 
the sum of tJie moments tending to turn ths lever against 
the hands of a watch must be equal to the sum of the mo- 
ments tending to turn the lever with the hands of a watch. 

It must be remembered that, if the body acted upon 
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has its centre of gravity somewhere else than in its axis, 
then we must consider that the weight of the body is a 
force acting through its centre of gravity. 

Exercise. — The safety valve, Fig. 16, must open when 
the pressure on the valve is just 100 lbs. per square inch. 
The mean area of the valve A, on which we assume that 
the pressure acts, is 3 square inches; cd is 2 inches, 
e is 50 lbs., the weight of the lever is 6 lbs., and its 
centre of gravity is 6 inches from d — where must e be 




j Jaced I Here the upward force is 100 x 3, or 300 lbs., 
and its moment about D is 300 x 2, or 600. The moment 
of the weight of the lever is 6 x 6, or 36. The moment 
of the weight e is 50 x the required distance from d 
Hence, 600 — 36, or 564 divided by 50, is the answer ; 
11-28 inches from d. 

Exercise. — A weighbridge consists of three levers 
whose mechanical advantages help each other ; I mean, 
the short arm of each supports the long arm of the next. 
Suppose that the weights of all parts are arranged so as 
just to be balanced when no weight is on the bridge, 
and that the mechanical advantages of the three levers 
are 8, 10 and 12, what weight will be balanced by a 
power of 15 lbs. 1 Answer, 14,400 lbs. Suppose that it 
is the first of these levers that is alterable (that is, the 
power is a sliding weight), what is its mechanical ad van- 
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tage altered to when the load is 16,000 lbs. % Answer, 
It was 8, it now becomes increased in the proportion of 
16,000 to 14,400, so that it becomes 8-8889 feet. 
* 25. Hydraulic Press. — A hydraulic press is a 
machine which enables great weights to be lifted, or 




Fig. 17. 



great pressures exerted, but in which, instead of levers 
and wheels, we use water to transmit the energy. In 
Fig. 17 the labourer exerts a force of, say 20 lbs. at p. 
If po is 15 times qo, then Q and the plunger qs move 
at one-fifteenth of the speed of p. Now, let us suppose 
that tho labourer has been working for a few mittiite,^ the 
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water filling the whole tube and cylinder space from the 
ram m to s may be regarded as incompressible, and the 
cylinder bb is unyielding; and if we force the 
plunger into this space, the ram must rise 
if there is no leakage. The cubic contents of the 
water displaced by the plunger must somehow or other be 
provided for, and it is the motion of the ram which 
provides for it. If the ram has an area of cross section 
of 200 square inches, and the plunger has an area of 
cross section of only one square inch, then the plunger 
must move 200 times as rapidly as the ram ; hence, the 
hand of the labourer must move 15 x 200, or 3,000 times 
as rapidly as the ram. Hence, if there were no friction, 
the ram would lift a weight of 20 x 3,000, or 60,000 lbs. 
The* mechanical advantage of the hydraulic press is tlien 
found by multiplying the area of cross section of the ram by 
the mechanical advantage of the lever, and dividing by 
the area of cross section of the plunger. 



CHAPTER IV. 

MACHINERY IN GENERAL. 

26. Mechanism. — When the power of a steam engine 
h distributed through a factory, the distribution is per- 
formed by means of shafts, spur and bevil wheels, belts 
and pulleys, and other kinds of gearing. As I am 
writing for men who have observed such transmission of 
energy, it is no part of my object to describe here what 
can be seen in any workshop. Perhaps no study is more 
useless from books alone than the study of mechanism ; 
whereas, it is very useful and easy if you examine the 
actual thing, or make a skeleton model or a skeleton draw- 
ing. What I shall say, then, is to help you in your obser- 
vation rather than to give you a knowledge of mechanism. 
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27. Velocity Ratio. — In any machinery the velo- 
city of any point may be calculated when the velocity 
of any other point is known. The number of revo- 
lutions per minute made by a shaft tells us the 
velocity of any point on any wheel or pulley fixed on 
the shaft; the circumference of the circle described 
by such a point, multiplied by the number of re- 
volutions, is evidently the distance moved through by 
the point in one minute. Now, when one shaft drives, 
another by means of spur or bevil wheels, or by two pulleys 
and a strap, it is evident that the number of revolutions 
per minute made by one of the shafts, multiplied by the 
number of teeth of the wheel, or by the circumference or 
diameter of the wheel or pulley, is equal to the number 
of revolutions made by the other shaft, multiplied by the 
number of teeth, or by circumference or diameter of the 
other wheel or pulley. This is evidently true, supposing 
that the strap does not slip on the pulley. Hence the 
rule — to find the speed of a shaft, driven from another 
by means of any number of wheels or pulleys, multiply the 
speed of the driving shaft by the product of the diameters 
or numbers of teeth in all the driving wheels or pulleys^ 
and divide by the product of tJie diameters or numbers of 
teeth in all the driven wlveels or pulleys. By the diameter 
of a spur wheel we mean the diameter of its pitch circle. 
Two spur wheels' enter some distance into one another, 
and the circle on one which touches a circle on the other, 
the diameters of these circles being proportional to the 
numbers of teeth on the wheels, is called the pitch circle. 
The circumference of the pitch circle, divided by the num- 
ber of teeth, gives the pitch of the teeth. 

28. Shapes of Wheel Teeth.— We know that if two 
spur wheels gear together, however badly their teeth 
are formed, so long as a tooth in one drives past the 
line of centres of a tooth in the other, their average 
speeds follow the above rule. But if we want the 
speed at any instant to be the same as at any other 
instant, it i3 necessary to form the teeth in a certain 
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way. TJie curved sides of teeth ought to be cycloidal 
curves. The proof of this is not very difficult, but I 
shall not give it to you. It is not usual to employ these 
cycloidal curves, for it is found that certain arcs of circles 
approximate very closely to the proper curves. The 
method of drawing rapidly the curved tooth of a wheel 
you will find taught by every teacher of mechanical draw- 
ing, you will find described in a great number of books, 
and you will see it in use in the workshop.* You must 
remember that no study of books, and I may also say, no 
fitter's or turner's work that you may engage in, will 
make up for want of the experience which you would gain 
by actually drawing to scale a spur or bevil wheel, 
a bracket or pedestal with brasses, and a few other 
contrivances used in machinery. A worm and worm- 
wheel, that is, a screw, every revolution of which causes 
one tooth of a wheel to be driven forward, is sometimes 
used when we wish to drive a shaft with a very slow 
speed. If the worm-wheel has 30 teeth, it evidently 
makes one-thirtieth of the number of revolutions of the 
driving shaft. I suppose the screw to be single-threaded. 
29. Skeleton Drawings. — When we consider the 
relative motions of, say, a piston and the crank which 
it drives, we come to something which it is not so easy 
to state without some little knowledge of mathematics. 
Tt is the same with air sorts of combinations of link work, 
and with cams. Even a good knowledge of mathematics 
is only sufficient to give one a rough general idea of the 
relative motion in such cases ; and for the study of any 
special case there is nothing so good as a skeleton drawing 
or a model. I give one example of the use of skeleton 
drawings — a crank and connecting rod. Let a and b, 
Fig. 18, be the ends of a connecting rod. As A moves 
from a x to c and back again, b describes the complete 
circle, b Y d b x . Set off equal distances to b l9 6 2 , b 3 , &c, and 
make b., a^ b 4 a 4 , &c. equal to the length of the connect- 
ing rod. Then the points a l9 a^, &c. and b l9 b 9 &c. show 

* Consult Professor Unwin's Machine Design on the fceeth of wheels. 
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iii a very good way the relative motions of A and b. 
When you have finished this ex- 
ercise, work others in which, 
with the same length of crank, 
you have longer or shorter con- 
necting rods. You will get some 
such results as are shown in the 
upper part of the figure. In 
every case, if we imagine the 
crank to revolve uniformly, the 
motion of A, the end of the 
connecting rod, is shown ; the 
distance from one point to the 
next is passed over by a in the 
same interval of time. Pure 
Harmonic Motion (see Chap. 
XVII. ) is the name given to the 
motion of the piston rod, when 
we imagine the connecting 
rod to be infinitely long; or 
rather, as we make the con- 
necting rod longer and longer, 
we get more and more nearly 
to this sort of motion. You see, 
then, that by skeleton drawings 
I mean drawings which show 
successive positions of the dif- 
ferent parts of a mechanism 
whose motions you want to 
study. You will find that an 
eccentric and its rod may be re- 
garded as a crank (the length of 
the crank is the distance between 
the axis about which the ec- 
centric is revolving and its true 
centre), and a very long con- 
necting rod (the length of the connecting rod being 
the length of the eccentric rod measured to the true 
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centre of thu disc). The* advantage derivable from 
skeleton drawings will be more obvious if you consider, 
in the above case of a crank and connecting rod, that a 
need not be the cross-head at the end of a piston rod ; it 
may be the end of a lever, and so move in the arc of a 
circle ) it may be a slide moving in a slot of any curved 
form. One of the most instructive cases of skeleton 
drawing is a link motion. Taking any good drawing 
of a link motion to start with, find the relative motions 
of piston and of slide valve for various positions of the 
link. In the study of the motion of a slide valve it 
is much too usual to assume that the piston's motion 
is what is shown in Fig. 18 as pure harmonic motion. 
The reason of this lies in the ease with which it can be 
stated in mathematical language ; but it is incorrect, and 
leads to many errors. 

30. How a Shaft transmits Power. — I have refused 
to • describe for you what you may see for yourselves 
at any time in workshops, how spur and bevil wheels 
and belts transmit power; how there are arrange- 
ments for disengaging such gearing, and stepped cones 
for giving change of speed when belts are used ; how 
shafts are carried near walls or columns ; how machine 
tools work, and a hundred other matters about which 
a little observation and drawing is of more importance 
than a large amount of reading. But there are some 
matters, connected with machinery, of great interest to you 
which you are not likely to observe unless I direct your 
attention to them. When a shaft transmits power it is 
in a state of strain ; it is in a twisted condition. The 
twist is not perceptible to the eye, of course, but methods 
have been arranged to show it to the eye and measure 
it ; and it is found that the twist in a shaft is proportional 
to the horse power transmitted by the shaft divided by 
tfie number of revolutions per minute. Now to explain 
»what I mean by a twist. Let a straight line be drawn 
along the shaft when power is not being transmitted, 
thou, if power l>e transmitted, the shaft will receive a 
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twist, and this line will become a spiral line. The in- 
clination, at any point, of the spiral line to its old 
position, is a measure of the 
twist.* When, instead of the 
ordinary coupling, Fig. 19, in 
which the two halves are con- 
nected by means of bolts, \ 
one, Fig. 20,t in which the two 
halves are connected by means of 
spiral springs, these springs get 
extended when the shaft trans- 
mits power. The yielding of the 
springs cannot be observed unless y 

ment like that shown, where a motion of a relatively to c 
causes the arm e to move and 
bring the bright bead b to 
wards the axis. If everything 
is made dead black except the 
bead it will be seen describing 
a circle of greater or smaller 
radius, and a scale with a 
sliding pointer enables us to 
measure accurately the dis- 
tance moved inwards by the 
bead. The reading on Iff. 
scale multiplied by t/ie num- 
ber of revolutions of the shaft 
per minute, tells us at once 
the horse power actually pass- 
ing through the coupling. J 

31. Belts.— If the pulley 

A, Fig. 21, is driven from B 

by means of a belt, you must 

s a pull in the part of the belt m, 




Pig. 20. 

remember that there L 
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as well aa in the part u. These two pulls 
generally pretty great, aa you know, but if you c 



theni accurately you - 




iuld find that t 
more pull 



* 



turn. It is the dif- 
ference of these pulls 
which -concerns us. 
You may perhaps un- 
derstand this better 
fromFig.22. The pull 

in a m is the weight of m, say, 20 lbs. The pull ii 

is the weight of S, say, 50 lbs. If K falls 

two feet, M rises two feet, and the work 

done upon the pulley and which it trans- 
mits through the shaft somewhere else is 

50 x 2, or 100 foot-pounds, minus 20 x 2, 

or 40, the difference being 60 foot-pounds. 

In fact, it is the difference of pull in the 

two cords, 30 lbs., multiplied by the space 

passed over by the cord, 2 feet ; result, 60 

foot-pounds. 

The horse power given by a bell to a 

pulley is 'hen the difference of pull in Ike 

belt on tfte two sides of tJie pulley, multi- 
plied by the speed of the belt in feet per 

ntinvte, divided by 33,000. (See Horse 

Power, in the Glossary.) And n 

the question — if it is the difference of pull 

that produces turning, why is there so great 

a pull even in M, Fig. 21, as we usually 

or, aa it has been called by Professor James Thomson, the torque, 
multiplied by the angular velocity per minute, divided by 33,000, is 
the horse-power Suppose that when one of the lengths of shafting is 
held fast we find the position of the bead when we hung weights on 
levers or round pulleys or wheels fastened to the other length ; a 
torque of 52'5 pound-feet will cause the bead to move radially inwards 
by a distance which we call 01 on our scale ; a torque < " ' " 
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find 1 Refer again to Fig. 22. If we want the difference 

between h and n to be 30 lbs., why not make H have no 

weight at all, and n may then be only 30 Ibsl Evidently 

we should not be able to get friction enough, and the 

weight n would fall, causing the cord to slide on the 

pulley ; in fact, the friction between the cord and pulley 

must be more than 30 lbs., ek>a there will be slipping ; and 

to produce this friction it is necessary to have a weight 

at h as well as at u. If we allowed the cord to lap 

round more of the pulley the necessary friction might be 

produced with & less weight at m. To get an idea of the 

friction between a 

cord and a pulley, 

arrange a pulley, 

or other round 

object, p, as in Fig. 

23. Fix it firmly. 

Place a weight at 

h, say 1 lb. Now 

place weights in 

the scale pan at h, 

until the cord just 

slips slowly. Say 

we find 3 lbs. to 

be necessary. The 

difference between 

N and m, or 2 lbs., 

is the friction. 

Now put twice the 

former weight at 

u ; you will find 

that about twice 

the former n will just cause slipping, so that the friction 

is doubled. In fact, we have our old law, "friction 

is proportioned to load." But now let us see how 

friction depends on the amount of lappin* of the cord. 

In your first experiment measure the cord actually 

in contact with the post P. Suppose it to be i inches ; 
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now, keeping m, 1 lb., let the cord lap round more of the 
post p, say 8 inches this time, and find the weight, N, 
which will just produce a slow sliding. You will find it 
to be 9 lbs. If the cord touches on 12 inches of the post 
p, you will find that 27 lbs. at N will be necessary to 
slowly overcome the friction. It is only by actually 
trying this experiment for yourself, that you will get a 
clear idea of how rapidly the friction increases with the 
amount of lapping. It is on this account that one man 
can check the motion of the largest vessel by simply 
coiling a rope a few times round a post. 

The apparatus, Fig. 23, is so arranged that any 
required amount of lapping may be given to the cord 
round the fixed post p. In an actual experiment, the 
fixed weight M was 50 grammes. By means of the 
pulleys the amount of lapping round P was varied, and 
weights were placed in n, in each case just sufficient 
to overcome the friction and raise M slowly, as above 
described. The following are the results of the whole 
series of experiments : — 



Number of times 

the cord laps 

round. 


The weight required at 

n to overcome friction 

and the weight of m. 


Logarithms of the ratio 

of NtOM. 


i 




80 


0*2041 


| 




105 


0-3222 


1 




150 


0*4771 


li 




200 


0-6021 


14 




265 


0-7076 


i* 




330 


0-8195 


2 




400 


0-9031 


2i 




500 


1-0000 


24 




700 


1-1461 


2* 


i 


1,000 


1-3010 


3 


1 


1,150 


1-3617 


3i 


i 


1,500 


1-4771 



Plotting the first and third columns on squared paper 
(see Arts. 6 and 7), we find that a straight line passes 
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nearly through all the points. From this line we deduce 

the equation — « o 1 m 

^ n = 22 log -, 

where n is the number of times the cord laps round 
From this it is easy to show that the coefficient of 
friction, k, between the cord and the post is * 166.* 

You must then remember, that the tension in m, 
Fig. 21, is necessary to produce as much friction as 
will prevent slipping. If ever the excess pull in n is 
greater than the friction, there will be slipping. If the 
belt slips, there is energy wasted, which you can calculate 
if you know the force of friction, and multiply by the dis- 
tance through which slipping occurs. 

32. Transmission and Absorption Dynamometers. 

— I have already described to you an instrument which 
allows us to measure the horse power transmitted by a 
shaft. I am in the habit of employing a somewhat 
similar arrangement for measuring the power transmitted 
by a belt to any machine, it is shown in Fig. 24, and 
is easily understood from the description of Fig. 20. I 
can take it near any machine, and drive the machine 
through it, using two belts instead of one. G is a loose 
pulley. A belt drives h, which drives the plate e 
through four spiral springs B. The plate E is keyed to a 
shaft carried on the frames c and d, and the pulley p 
is keyed on the shaft. A belt from p, therefore, will 
drive any machine. When much torque is acting, the 
springs b become extended, causing a relative motion of 
E and H, and this motion is shown by the bright bead 
A, at the end of the lever I A, approaching the axis of 
rotation. A fixed scale attached to the frame c allows 
the motion of A to be measured. 

* The law is this. If k is the coefficient of friction between the 
cord or belt and the julley ; if I is the length of the cord or belt 
which touches the pulley, say in inches; and r the radius of the 
pulley in ii.ches ;— then 

Log z =0*4343 Jfc-J 

N and M being the pulls in the belt or cord on the two sides of the 
pulley. 
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I employ another kind of instrument to measure 
; power given out by any steam-inline, 




easure tin 



lotor. The steam-engine drives die pulley a, Fig. 25,* 



tl tlie pulley 



is along with a. A cord banga lappin 
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containing a weight The other end, n', i 
of a piece of metal fastened to the rim o 
which has a weight, N, 
always acting upon it, 
tending to turn it 
round. Evidently the 
cord is pulled with a 
weight, m, at one end, 
and a weight, n, at the | 
other. If now there 3 
is slipping between 
the cord and b, the 
friction is measured 
by the difference of 
the weights k and u. 
If h is 1,000 lbs. and 
k is 4,000 lbs. the 
friction is 3,000 lbs. 
If the pulley has u 
circumference of 2 feet, and makes 80 turns per minute, 
the amount of slipping is 80 x 2, or 160 feet per 
minute, and the work dene against friction is 160 x 
3000, or 480,000 foot-pounds per minute, that is, 
14-545 horse power. In this case all the power is 
watted in friction, and this is called an Absorption 
Dynamometer because it measures the power but absorbs 
it in doing so ; whereas the coupling of Fig. 20 and the 
dynamometer of Fig. 24 are called Transmission Dyna- 
mometers, because they measure lite power transmitted 
through tliem whilst working any machines,* 

* Should we try to me merely n cord with two different weight*, 
» and u, at its endi (as in Fig. 22) as an absorption dynamometer, we 
should find that ns alteration of the coefficient of friction is con- 
tinually going on, the cord is set in motion, and o 
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a cord and two spring balances, oi 
balance on the other, we find that a constant tonjue cannot be n 
tained without the help of other contrivnmea. Whereas, in 
dynamometer of Fig. 2i>, an alteiaiion of coefficient of friction i 
once made up for by alteiation in the amount of lapping of the 
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CHAPTER V. 

FLY-WHEELS. 

33. Kinetic Energy. — When a weight, a, Fix. 3, 

in falling lifts a weight, B, by the use of a machine 
inside the box C, let us consider the store of energy 
at any instant. The store of energy consists in — 
First The potential energy of A, that is, the weight 
A in pounds, multiplied by the distance in feet 
through which it is possible to let it falL Second. 
The potential energy of B, which is the weight of B 
multiplied by the distance through which it is possible 
to let B fall. Third. The energy of motion, or kinetic 
energy f of everything which is movin x, namely, A, B, and 
the parts cf the mechanism. We are supposing that 
there are no other weights whic 1 ! can fall or rise, and 
that there are no coiled springs or other stores of energy 
in the mechanism. Now, if a is just heavy enough to 
maintain a steady motion, the kinetic energy remains the 
same ; so that, whatever energy s given out by A in fall- 

or band ; and, indeed, the torque remains constant, although from 
beginning to end of each experiment there is usually a regular lessen- 
ing in the coefficient of friction. From Art. 31, we see that N = M 

2718 " r , or N-M = M (2718 ' - l). In Fig. 25, the weight* 
are kept constant, and when the coefficient of friction, *, alters, 
the lapping, ', of the cord alters so as to maintain a balance. 
Further, by the alteration of lapping we can increase the torque 
by only increasing N without increasing M in the same proportion. 
I have, with Prof. Ayrton, used successfully a new and exceed- 
ingly simple form of absorption dynamometer. Instead of one cord 
or belt, we use two, knotted or fastened together. One of these is 
much rougher on its surface than the other. We now have N = if 
/ . kl-i-r k'l'-i-rx 

12 718 +2718 ). Diminution of the coefficients of friction 

produces an increase in the lapping, *', of the cord or belt, whose 
coefficient of friction is the greater, and a diminution of ', the adjust- 
ment being beautifully automatic 
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ing is in part being given as potential energy to B, and is 
in part being wasted in friction. But suppose A to be 
heavier than this, then there is more potential energy 
being lost by A than is being stored by b or wasted in 
friction, and it must be stored up in some other form. 
The surplus stock shows itself in a quicker motion of 
everything ; it is being stored up as kinetic energy. 

34. Energy Indestructible. — We have now to con- 
sider an important question. When a certain amount 
of potential energy (measurable in foot-pounds) dis- 
appears, and becomes kinetic energy, how quickly 
must all the parts of the machinery move to store 
it all up? This problem is very troublesome, because 
everything in Fig. 3 is in motion in a different way ; 
some parts of the mechanism are 
moving slowly, others quickly. It 
is, however, easy to find out how 
much kinetic energy a body has if 
we know its weight and its 
velocity. Let there be a small ball 
hung from the point o, Eig. 26, by 
a silk thread, so that, when it 
vibrates, we can call it a simple 
pendulum. Now, you know that 
when it reaches the end of its 
swing at A it is, for a very short 
interval of time, motionless, and 
has no kinetic energy. It falls / 
from a to B ; and, as there is almost / 
no friction, we may suppose that^ fe"--- :::v -* v *" 

the potential energy which it loses b 

in falling through the vertical Fig. 26. 

height from A to b, is all stored 
up as kinetic energy when the ball reaches B. Now, 
suppose the body to have a certain velocity in feet 
per second when it reaches B. You know how to calcu- 
late* tl\A vertical lieight in feet through which a body must 

* Laws of falling bodies.— In the following rules v means the vclo- 
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fall to acquire this velocity; it is the square cf the velocity 
in feet -r 64 # 4. This is the vertical height from a to b. 
But the body has lost potential energy equal to its weight 
in pounds, multiplied by this height ; and this is now 
stored up as kinetic energy. Hence, to find the kinetic 
energy of a moving body* divide the weight of the body 
in pounds by 64*4, and multiply the quotient by the 
square of the velocity of tlie body in feet per second ; the 
result will be the kinetic energy in foot-pounds. In the 
case of the pendulum, this is the total energy of the bob. 
When the bob is at A all its energy is potential When 
at b, all its energy is kinetic; and when it is any- 
where between these positions, its total amount of 
energy is exactly the same as before, but part is 
potential and part is kinetic. During the swing- 
ing of a pendulum there is a constant 
change going on, potential energy chang- 
ing into kinetic or kinetic into potential, 
and the sum of these two would always 
remain the same only that friction is 
constantly reducing this sum by convert- 
ing part of it into energy of another 
order, namely, heat. 

35. Test of the Law. — We now have a rule to 
find the energy stored up in a moving body, every 
part of which is moving with the same velocity. You 
can test this ruin in the following way : — Get a 

city of a body in feet per second, h is the height in feet from which the 
body has fallen, t is the time in seconds since the body began to fall ; 
g is 32*2, and represents the effect of gravity in England. 
.,2 "o„j, J The square of the velocity of the body is found by multi- 
v -lgh\ plying the height by 644. 

{Square the number of seconds during which the body has 
fallen, and multiply by 16*1 ; the product is the height 
fallen through in feet. 
* = at i ^2*2 times the number of seconds since the body began to 
9 \ fall, is the velocity of the body. 
* The weight of a body in pounds, divided by 32*2, is the mass of 
the body ; hence, the kinetic energy of a moving body is calculated by 
multiplying half its mass by the square of its velocity in feet per 
second. Kinetic energy = %mv 2 . 
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pulley (Fig. 27) as light an J frictionless as possible, because 

we must, at the beginning, neglect both the energy 

stored up in the pulley itself, and the loss by friction. 

Fasten the pulley at a considerable height 

above the floor. Let two equal weights, 

A and b, balance one another at the ends 

of a long, silk cord, passing over the 

pulley ; and let there be a wooden scale. 

close alongside which a passes as it 

ascends and descends. Let us be able to 

fix to this scale, at any . place, a plate 

which will suddenly stop a, and, above 

this, a ring which will just allow a to pass 

through. You will find such an arrangi> 

ment as I speak of in almost every little 

collection of apparatus in the kingdom, 

and it is called an Attioood'B Macliint. 

Now, let a be as high as possible at (he 

beginning ; place on it a little weight, 

such as will be lifted off when a passes 

through a ring ; and place a ring so that 

it will lift the little weight off A when a 

has fallen, say, 3 feet You know 

that, so long as the little weight lies 

on a, the speed of a downwards and 

b upwards must, become greater and 

greater. In fact, the potential energy 

lost by the little weight becomes 

converted into kinetic energy of the whole arrangement. 

Now, as soon as the little weight is stopped, A and b 

move with a steady motion ; and if the table is placed by 

trial so that one second after a passes the ling it is 

suddenly stopped by the table, the distance between the 

ring and table shows the velocity which a, b, and the little 

weight had when the little weight was removed. In one 

experiment — A being 1 lb. and B the same, and the little 

weight 0*25 lb. — the velocity was measured after A had 

fallen 3 feet, and was found to be about 4'5 feet per 
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second. Now, the potential energy lost by the little weight 
was 3 x '25, or '75 foot-pound. The kinetic energy was 
stored up in 2*25 pounds, moving with the velocity of 
4*5 feet per second ; and, according to the above rule, 
its amount is 

2-25 * 64-4 x 4-5 x 4-5, 
or -71 foot-pound, or '04 foot-pound too little. If we 
consider that there was some friction, that the pulley 
retained some kinetic energy, and that it was difficult to 
fix the table, so that exactly one second elapsed from a's 
passing through the ring until it was stopped, we see 
that the experiment is a fairly, good illustration of the 
rule. You ought, with your own hands, to make a 
number of such experiments. 

36. Energy in a Rotating Body. — Suppose now 
that the pulley is so massive that its kinetic energy 
is considerable, and may not be neglected, is there 
any way of finding from its speed how much energy 
it has stored up in it ] We can easily calculate 
the energy in any little portion of a wheel if we 
know its velocity and mass, but those portions near the 
centre are moving more slowly than portions near the 
circumference, so that we have to calculate the energy in 
each little portion separately, and add all the results 
together. There is one thing which all portions of a wheel 
have in common — they all go round the centre the same 
number of times per minute. Suppose now that the 
number of revolutions of a wheel is doubled, the real 
velocity of every point in the wheel is doubled, whether 
that point be near the axis or not, so that the kinetic energy 
of the whole wheel is quadrupled ; in fact, then, we find that 
the kinetic energy stored up in a wheel 
depends on the square of the number of re- 
volutions which it makes per minute, so that, 
the energy must be equal to a constant number multiplied 
by the square of the number of revolutions per minute. 

37. To find experimentally how much energy 
is possessed by a wheel when it is rotating, let the 
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wheel be mounted on an axle supported on very fric- 
tionlesa bearings. If the centre of gravity of the 
wheel is not exactly in the axis, then it is better to 
place the wheel horizontally, as in Fig. 28. Now let 




a cord wound round the axle be acted upon by a 
weight, W, which is only allowed to fall a certain distance. 
Suppose the weight to be 1,000 lbs., and tliat we only 
allow it to fall 8 feet from rest, so that when it has 
fallen this distance it no longer acta on the wheel, 
which will then rotate with a constant speed. Roughly 
speaking, the wheel possesses 1,000 X 8, or 8,000 foot- 
pounds of energy stored up in it. This is not quite 
true, because the weight itself possessed a certain amount 
of energy of motion which must be subtracted. Suppose 
that at the instant before being stopped the weight was 
moving with a velocity of 1-5 foot per second, then we 
must subtract 

J,..- x 1'5 x 1"5, or about 35 foot-pounds. 
If there were no friction, and we find that a speed 
of 10 revolutions per minute has been given to the fly- 
wheel, we know that we have to find a constant 
number, M, which, when multiplied by the 
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square of 10 or 100, will give 7,965 foot- 
pounds. Evidently M = 79*65, and hence, if ever 
we find this fly- wheel rotating, we know that it has stored 
up in it the amount of energy in foot-pounds 79*65 x 
square of number of revolutions per minute. 

38. In the above calculation we have neglected 
friction ; but, as a matter of fact, in experiments the 
friction never is negligible. You will generally find, 
however, that the weight which you use to cause motion 
is so small in comparison with the weight of the wheel 
that it adds very little to the whole friction, and we 
may neglect this addition. On a cord similar to that 
which you have already used, hang a small weight such 
as will merely overcome friction, so that when you give 
the wheel a jerk for the purpose of starting the motion, 
this weight will just suffice to prevent friction reducing 
the speed. Suppose this weight to be 5 lbs., then it is 
quite evident that 5 lbs. of the original 1,000 were really 
employed in overcoming friction and not in storage. 
Hence our calculation gives 

995 x 8 — 35, or 7,925 foot-pounds as the total storage. 
This is at ten revolutions per minute. When it makes one 
revolution per minute the storage is 7.9/25 foot-pounds, 
and at any other speed we multiply 79*25 by the square 
of the number of revolutions per minute ; 79*25 is called 
t/ie M of the wheel. 

39. It is obvious that you ought to be pretty quick in 
counting the number of revolutions of the wheel pro- 
duced by the falling of the weight. Indeed, you ought 
to observe if possible the time taken in one revolution, 
using some special form of time-measurer, because the 
speed will now continually decrease on account of friction. 

But there is another way in which it is easy to find 
the speed at the instant when the weight ceases to 
act. Find the total number of revolutions made by 
the wheel during the time that the weight is acting, 
and let some one observe this time in minutes. Then, 
as we know that the speed increases uniformly during 
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this interval of time, the mean speed is just half the 
speed at the end of the interval; that is, divide the 
number of revolutions by live number of minutes in which 
they were performed, and twice the quotient will give t/ie 
number of revolutions per minute made by the wheel wlten 
tJie weig/itjust ceases to act. You can test your result by 
counting the number of revolutions from the time the 
weight is removed until the wheel is stopped by its own 
friction and dividing by the time which elapses ; twice this 
quotient ought also to be the speed you want to know. 

40. It is not necessary even to measure the friction 
directly, for we found that 7,965 foot-pounds were given 
out by the weight in falling ; now if we count the total 
number of revolutions made by the wheel from the time 
of starting until stopped by its own friction, and divide 
7,965 by tlte total number, we shall find the loss of 
energy due to friction during one revolution, since there 
is about as much energy wasted by friction in any one 
revolution as in any other. Ten times this must be the 
same amount of energy as 5 x 8, or 40 foot-pounds, for 
we measured the friction during 10 revolutions of the 
wheel as equivalent to 5 lbs. falling 8 feet This, then, 
is the method you ought to employ. 

41. You see that M is a number which ought to be 
known for every fly- wheel ; it is just as important to know 
the M of a fly-wheel as to know the weight of an ordinary 
body. We have only to multiply the M by the 
square of the number of revolutions per 
minute, and we find at once the energy in 
foot-pounds stored up in the wheel. I 
have shown you how to find the M of a fly-wheel by 
experiment ; I will now give you an idea of its value 
in different cases. I cannot prove to you this first 
rule, or the other rules given in the foot-note. Imagine 
a grindstone whose diameter is 4*5 feet, whose breadth 
is 1 '4 foot, the weight of its material per cubic foot being 
132 lbs. ; then we can calculate its M by first finding 

132 x 1*4 x 45 x 4-5 x 4*5 x 4-5, 
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and dividing this answer by 59,800. For any rotating 
ol ject of cylindrical shape, the shape of a grindstone, 
this rule will always find M. Multiply the weight of t/ie 
material per cubic foot by tlce breadth or width; multiply 
this by the fourth power of the diameter, and divide by 
tJie constant number 59,800. Whether the material is 
wood or stone or metal, this will give M, and this multi- 
plied by the hquare of the number of revolutions p r 
minute will give the energy in foot-pounds stored up in 
ihe rotating body. For the above grindstone, on calcu- 
lating out, you will find the M to be 1 '26. feo that when 
it makes 1 revolution per m nute, there is stored up in it 
1-26 foot-pounds of energy; when it makes 2 revolu- 
tions per minute, there is stored up in it 1*26 x 4, or 
5*04 foot-pounds. 

Foot-pounds. 

At 3 revolutions, 126 x 9, or 1134 

„ 20 „ 1-26 x 400, „ 504 

„ 50 „ 1-26 x 2,500, „ 3,150 

„ 100 „ 1-26 x 10,000, „ 12,600 

42. The energy stored up in a rotating body is equal to 
Jia 2 , where I is moment of inertia about the axis ; that is, 
the sum of all such terms as mass of a little poition multi- 
plied by the square of its distance from the axis, a is angular 

velocity (see Glossary) in radians. Hence, as a = -~, if n 

is number of revolutions per minute, and v is 3*1416, the 

energy is i £g^ , so that our M is J^. . For the following 

bodies I give in Table I. the values of i and M. «* is weight 
in lbs. per cubic foot, and dimensions are in feet. 

43. If we fix a small weight of 20 lbs. on a wheel, at 
12 feet from the axis, this adds to the M of the wheel 
the amount 

20x12x12-;- 5,871, or 0-49; 
or the weight multiplied by the square of its distance 
from the axis, divided by 5,871. 

If we add a very thin rim to a wheel, the addition 
to M is found by multiplying the weight of the rim by the 
square of its average radius, and dividing by 5,871 ; or, 
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Nature of Rotating Body. 



here of diameter d f ] 
rotating about diam- > 
iter as axis ... .J 



Spherical shell, whose \ 
outside diameter is d, \ 
and inside is c?i,rotating j 
about diameter as axis / 



Cylinder, diameter d, 
length I, rotating about 
its axis 



Hollow cylinder, outside \ 
diameter d, inside > 
diameter d it length I . j 



Thin rim, mean radius ) 
" r of weight w . . . j 



as 



Thin rod, of length 
rotating about axis 
through its middle , 
point, at right angles [ 
to its length. Weight | 
of rod w .... J 



Thin rectangular plate,' 
rotating about axis 
through its centre 
parallel to side 6, the 
side d being at right 
angles to axis. Weight 
of plate w . . . . 



«x* 5 x -001626 



w (*'-ffi«)l 

x 001626 f 



wld* x -00305 



wl{d*-d x *)\ 
x -00305 J 



wr* + 322 



WP-002B8 



wP'00258 



M 



wfi + 112,126 



w (d'-df) 
+ 112,126 



wld* + 59,800 



wl {d*-d v *) 
-*- 59,800 



wr*-s- 5,871 



w£ 2 -r- 70,451 



wP + 70,451 
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multiplying the weight of the rim by tJie square of its 
average diameter, and dividing by 23,484. 

It will be found that if a fly-wheel has light arms and 
a heavy rim, as we often see on such wheels, a /airly 
good approximation to its JUL is found by multiplying the 
weight of Hie rim by the square of the mean diameter of 
the rim, and dividing by 23,000. 

Example. — The rim of a fly-wheel weighs 15 tons; 
its mean diameter is 20 feet. Calculate approxi- 
mately what energy is stored up in it when it makes 
60 revolutions per minute.. Hei-e you will find the M 
of the fly-wheel to be about 584, and hence the stored 
energy is 584 x 60 x 60, or 2,102,400 foot-pounds. 

44. Steadiness of Machines. — A fly-wheel is put upon 
a riveting or shearing machine, or other machine, because 
the supply of energy to the machine is not given regularly, 
or else because the demand for energy from the machine is 
irregular. The fly-wheel enables the machine 
to maintain a more constant speed. In cal- 
culating the proper size of a fly-wheel for any machine we 
must know two things. First, what is the greatest altera- 
tion of speed allowable in the case ; and secondly, the 
greatest fluctuation of the demand and supply of energy 
Thus, suppose we wish never to have the speed of the 
fly-wheel more than fifty-one nor less than forty-nine 
revolutions per minute, and that during some interval 
of time the fly-wheel has to give out 20,000 foot-pounds 
more than it receives during that" time ; then, although 
the fly-wheel will afterwards have this deficiency made 
up to it by some steady supply, it is obvious that 
its speed must diminish. We wish its speed to diminish 
only from fifty -one revolutions to forty-nine revolutions 
per minute in this interval of time. Now, when the fly- 
wheel runs at fifty-one revolutions, it has stored up an 
amount of energy equal toitsMx51x51; and when it 
runs at forty-nine revolutions, its store is Mx 49x49, 
and the difference between these two ought to be 20,000. 
Hence, subtracting 49x49, or 2 401, from 51x51, or 
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2,601, we get 200; and dividing 20,000 by 200, we find 
100 as the required value for M. Subtract, then, tite 
square of Ute least speed from the square of the greatest, 
and divide t/te greatest excess of demand or supply by 
this remainder ; t/ie quotient is the M of t/ie fly-w/ieel. 
Having found M, the question is, how can you tell from 
it the size and weight of the wheel) Find the M of 
any wheel of the same shape and material as that which 
you want to use. It is obvious that tlce diameters of the 
wheels are as t/ie fifth roots of their M's.* We want a 
wheel whose M is 100. Suppose I find a wheel of the 
shape I wish to use whose outer diameter is 8 feet, and 
I calculate its M, and find it to be 1 1 ; then 

The fifth root of 1 1 : fifth root of 100 :: 8 : answer. 

Log. 11 = 1-0413927; divided by 5 it is 0-2082785, 
which is the logarithm of 1*615. 

Log. 100 = 2*0; divided by 5 it is 0*4, which is the 
logarithm of 2*512. Hence 

1*615 : 2*512 :: 8 : answer. 

This is an easy exercise in simple proportion. I find my 
answer to be 12*44 feet, or 12 feet 5^ inches, the diameter 
of the required fly-wheel, which is to be similar in form 
to the smaller specimen used by me for calculation. 

* If we have any two similar wheels, or other rotating bodies of 
the same material ; if we consider any similar small portions of them ; 
it is evident that their weights are propot cional to their cubic con- 
tents, or to the cubes of any similar linear measurements. Hence, if 
one is, say, twice the diameter of the other, as every dimension of the 
one is twice that of the other, the weight of one must be 2 x 2 x 2, or 
eight times that of the other. Now, the M of any rotating body de- 
pends, not merely on the weight of each portion of the body, but- on 
the square of its distance from the axis, so that the M of one must be 
8x2x2, or thirty-two times the M. of the other. Similarly, if the 
linear dimensions were as 3 to 1, the values of M would be as 243 to 1 
for a pair of similar wheels. 

Example : We want a wheel which will have a store of 1,000 foot- 
pounds when rotating at twenty revolutions per minute, and it is to 
be of the same shape as that of an already existing wheel, which is 
four feet in diameter, and which contains a store of 1,350 foot pounds 
when running at thirty revolutions. Evidently the M of this second 
wheel is 1,350 + 900, or 1*5, and the M of the first wheel is to 
be 2*5. Using logarithms, we find that the fifth root of 1*5 is to 
the fifth root of 2*5 as 4 feet is to 4*4 feet, the answer. 
M 
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45. The total kinetic energy stored up in any 
machine is found by calculating the energy in every 
v. Iiii'l and in every moving part, and adding all together. 
Itnt titppOW that in the machine there is some bhaft 
■ 'I linn.' importance than any other, it is usual to give 
ilm spend of this shaft, only, because if its speed he 
doubled, the speed of every other is doubled. Thus, in a 
ni'iigiue we state the number of revolutions per 

'in "i' the crank shaft, and this tells us tl.P speed of 

BV6T) pari of the engine. Let, then, the number of ro- 
rolutioni nl home siidi principal axle of a machine be 
' mui It (his number of revolutions is doubled, the 
kinWh' energy stored up in the machine is quadrupled; 
', in [set, thn kvnetvs riier//!/ stored up is e</nal to 
rrtiitv >uu,di--c a-hich can. tie found for the machine, 
.'nd which in- sh.ul/ at It its M. iniittiplied by the tquare of 

number .■;/' rc.col ittioiis of this particular oo& per 
,imii'ir. The M of any machine may be experimentally 
id li'iinini'il in exactly the same way as we have ahi 

:,}.,, \c. 

If we know the M of any machine, then the M of any 

i'Ii in ule In the same drawings and of the same 

i, but with all its dimensions twice as great, is 

wo ti h as great, because the fit's 'of the two 

i proportional to the fifth powers of their 
xmding dimensions. 

. Facts Useful to Know.— In a condensing steam- 
when the steam is out off at from one-third to 
ightb uf the stroke, there is a certain portion of the 
stroke during which -16 to '19 of the total work 
during tin' stroke is given out by the steam to the et 
in exoost of that given out by the engine itself as i 

work. In a none lensing engine, steam cut off at from 

on.-li;ilf to one-fifth of the stroke, the excess work is -16 
to "23 of the total work of one stroke. These facts will 
enable you to calculate the proper size of fly-wheel for 
a given steam-engine when you know the work done 
in one stroke, and also the greatest and least speeds 
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allowable. For a punching, shearing, or riveting machine 
no figures of this kind are available. Observations are 
much needed. In the case of a pump with a fly-wheel 
it is easy to calculate the excess work done during any 
period. But in many kinds of pump great variations 
of speed are generally allowed. 



CHAPTER VI. 

EXTENSION AND COMPRESSION. 

47. How a pull is exerted. — How is it that a cord 
transmits force from my hand to an object when I pull the 
object by means of a string ? If you study this matter you 
will see that every particle of the string 
coheres to the next, and although the refusal of 
one particle to come away from its neighbour might easily 
be overcome, there are so many of them to be separated at 
any particular section of the string that it requires a con- 
siderable pull to perform this operation. When a string 
is pulled it really lengthens a little, and it lengthens more 
the more force is applied, although it may not break. A 
string is not so easy to experiment with as a wire of 
metal, because it differs more in its quality at different 
sections, and it is affected by dampness and other circum- 
stances. No doubt it is also difficult to obtain a metal 
wire which shall be exactly of the same material every- 
where, but it is more to be depended upon than string. 

48. Strain. — Take, then, a steel wire, a b (Fig. 29), 
fastened near the ceiling at A, between two pieces of 
wood, screwed together firmly so that there may be no 
tendency for the wire to break just at the fastening. 
Similarly fasten at B a scale-pan arrangement, and, first, 
place just so much weight in the pan as keeps the wire 
taut. Let there be two light little pointers stuck or tied 
on at a and b, and let there be a vertical sea e on the 
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wall.* Now read off the distance between a and b on tlie 

scale, and note the weight. Add more weight, anil again 

read the distance, and continue doing 

* this until the wire breaks. You will 

prove by means of squared paper that — 

'"hi.- amount of the exten- 

i of awire is proportions 

he weight which produce 

When we speak of the sfraiti in the 
| ! wire, and want to use the term strain ii 
■ ||j. an exact sense, we mean tin; fraction o 

iUelf by which a b lengthen 
1 suppose that a b was 50 feet, and that it 
k lengthens 1 foot, we say that the strain 
I is Js, or -02, or 2 per cent. I need 
I hardly tell you how important it in to 
| learn the exact meaning of a word like 
jjjf this ; it will give clearness to your ideas, 
, ; 49. Stresa — If you take another 

~- ■■ wire of the same material, but of twice 

the sectional area of this one, you will 
find that it needs twice its much load to 
produce the same strain. The reason 
of this is that you have at any section 
twice as many particles of steel resist- 
ing the pull. The pull produced by 
the load acta at every cross section 
in the same way, no matter how long 
the wire may be ; hut if the wire is 
thicker a' one place than another, then 
;s section the pull it distributed over a greater 
wira of particles. We see, then, that if a 
wire or rod is transmitting a pull, it is well not to con- 
sider the total load, but rather the load per square inch 
of section. Tlte load per mptare inch it coiled the strest. 
1 ore employed in 
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This is the exact meaning which we give to the word 
stress. Much of the difficulty you may have met with in 
your reading is due to the fact, that you have not made a 
proper distinction between the meanings of th^se cwo 
words. Stress is the load per square inch 
which produces a fractional alteration 
of the length of a wire or rod, and this 
fractional alteration is called the strain. 
Suppose your load to be 6 lbs., and your wire circular in 
section, with a diameter of 0*05 inch. Then the area of 
the section is 0*025 x 0O25 x 3-1416, or -00196 square 
inch. The stress is 6 -r '00196, or 3,061 lbs. per square 
inch. You will find that this thin wire gets the same 
strain with a total load of 6 lbs. as a rod one square inch 
in section would get with a load of 3,061 lbs. If ever 
you get a problem to work out, relating to the lengthen- 
ing of a wire or rod produced by a load, you must con- 
sider, not the total lengthening of the wire or rod, but its 
fractional amount of lengthening, and call this the strain; 
also consider, not the total load, but the load per square 
inch of section, and call this the stress, and you will find 
that for some kinds of wrought iron — 

The stress = the strain x 29,000,000. 

Example. — How much extension is produced in a 
wrought-iron tie-rod 80 feet long, whose cross section is 
3 square inches, by a pull of 9,000 lbs. 1 Here the stress 
is 3,000 lbs. per square inch, and 3,000 is equal to 
29,000,000 times the strain, or 3,000 -r 29,000,000, or 
0001034 is the strain. The extension is, the fraction 
•0001034 of the total length, and 80 feet x '-0001034, or 
•00828 foot is the answer — nearly one one-hundredth of 
a foot, or, more nearly, the tenth of an inch. 

50. It is somewhat more difficult to experiment 
on the shortening of a strut or column when it trans- 
mits a push, because you cannot use very long struts. A 
strut, as you know, tends to bend if it is very long; 
and when it breaks, unless great care is taken to keep it 
straight, it breaks more easily the longer it is. The 
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mding action causes tlie load to act more on one part of 
the cross section than another, and tlie stress — or tlie 
pushing force per square inch, is greater at one part of 
the section than at another. If you experiment, there- 
fore, you must take care to use struts which are in no 
danger of bending. In Chap. X. I shall consider the 
bending of beams, after which you will better under- 
stand tlie present difficulty. It is sufficient for you 
at present to know that, whereas the pull in a 
tie-bar tends to make it atraighter if 
possible, the push in a strut tends to make 
it bend. Hence, in an iron railway-bridge or roof 
you will see (hat the tie-bars are thin solid rods usually, 
and they might be chains or ropes if these «we cheap 
enough; but the struts must not merely have a proper 
area of cross section, this cross section must also be 
wide in every direction. Thus, ivist.vad of a solid cast-iron 
column you always see a hollow om 1 , unless the column is 
very short. Also, a thin plate of iron suffices for the lower 
boom or flange of a mil way -girder (because it resists a pull), 
whereas the top boom is a hollow tube, or is U-. or n-, 

or 1 l-shaped, because it must resist a push. 

struts, therefore, must lie considered in Chap. XII., 
we have investigated the beitdina of beams. 

»51. A Short Strut will be found to obey exactly 
the same laws as a tie bar. The load per square inc' 
is called the stress. The shorteninij is a fraction t 
the whole hunjih of the strut, awl t/iis fraction i 
tlie strain. Y°" w ill find from your experiments that tl 
strain is proportional to the stress. Thus for wrought 
iron struts or columns 
The stress = tha strain x 29,000,000. 
The multiplying number is found to be the same for the 
same material, wliclhcr it resists a push or a pull. This 
number is called "Young's Modulus of Elasticity ;" it 
has been measured for various materials, and is given in 
Table III. In using it you must remember that the 
in pounds pei square inch. 
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Exercise 1. — By how much would a round bar ol 
steel, 120 feet long, whose diameter is 2 inches, lengthen 
with a pull of 30 tons ? Answer : 0*0855 foot. 

Exercise 2. — By how much would a column of oak, 
3 feet long and 4 inches square, be compressed in 
supporting a weight of 2 tons ? Answer : "00056 foot 

52. I have said that if you use squared paper after 
making your experiments, you will find that the strain is 
proportional to the stress, and the lengthening of a tie 
bar is proportional to the total pulling force. But you 
will find that this law is not true when the loads 
become too great. If your loads are less than a quarter 
of the breaking load, you will find on removing them 
that the wire on which you are experimenting goes back 
to its original length.* But if your loads much exceed this 
amount, it will be found that the wire has taken a 
permanent set ; that is, if you remove the load the wire 
will not go back to its original length. It remains 
permanently longer than it originally was, and we say that 
we have exceeded the limits _ 
of elasticity. The load which 
produces this permanent set 
is said to be the measure of 
the elastic strength 
of the wire, for although it 
does' not break the wire it f 
alters it permanently. Now, 
it is only for loads less than Pi g# so. 

this that the law " strain is 

proportional to stress," is true. Your squared paper for 
experiments on a steel wire would give a straight line 
becoming a curve, like Fig. 30. 

* It may not go back at once to its old length, but in a few minutes 
it will be found exactly what it was before you loaded it. Similarly, 
when the load is put on, there is first a sudden lengthening and after 
this there is a slight extension going on so long as the load remains, 
but it practically comes to an end in a few minutes. This after-action 
m ro slight that I have not till now spoken about it, although we have 
lesson to believe that its investigation would be of great importance. 
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When you plot your results, making tlie ilista 
m « represent the extension of the wire for a load 1*1 
settled hy the distance 111 q, to any scale you please, i 
will find that the line pBBHog through your points is 
straight only f 1*0 in o to u say, and then it curves upwards. 
The distance, o_ m, represents the load which produces 
permanent set. Fur greater loads than this, the extension 
is more than proportional to the load, and increases more 
rapidly until we get at K ft very rapid extension indeed, 
for the wire hroke with the load, K K, and just before it 
broke its extension was K. 7..* 



83. The nature of the strain i; 



which i 



e which 



ia bcina- 
tvttiou. 



cannot be aaid to bo simple. If all lines iu one ditrttioi 
and in one direction only, became shorter o 
strain would be called timpk, but it needs rather a com- 
plicated system of cxti rnal pressure to produce this effect. 
No matter how a body is strained, if we consider a small 
portion of it wo shall find Hint tmy strain simply of insists of 
extensions and compressions in different directions. Id 
fact, imagine a very small spherical portion of the body 

oonrert the little sphere into a figure 
called an ellipsoid, that is, a figure BTery section 
of which is an ellipse, or a circle ; remember that every 
taction of a sphere is 11 circle. It may be proved that there 
were three diameters of the sphere hi right angles to one 
another, which inn. tin nt right angles iu unu another in the 
ellipsoid, and are known as I An //•iiiripataxeiot the ellipsoid. 
These directions are now Galled the principal uits of the 
strain existing at that part of the strained body. Along one 
of these directions the contract irm !nr es tension] is less, and 
in another greater, than in any ether direction whatever. 

64. Example, — Thus if a' s' (Kig. 31) is part of a long 
wire suhjected to a pull, the portion of matter which was en- 
closcd in the very small imaginary spherical surface, 1ICD, 

* Instruments have been designed which register on ft sheet of 
or (as the pencil ..- [oatordMt] tlie load pulling 

' ,nd the extension which it produces. A little brass cylinder 



>n of the I 
t- Hi..- toed, Ily this means, 
he drawn as the load on the r 
rod break*. (See Art. 125.) 



13 )i:-iiliir....i .-11 i J ■ - 1 l ir is ()'o|Mirti<uijil 
like that of Fig. 30, may rapidly 
radually made U increase till tt- 
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before the pull was applied U now enclosed in the ellipsoidal 
spherical surface, a c \i a'. The sphere hni become an 
ellipsoid of revolution ; a r becomes a' h', c h becomes 



direction a Bis*— 
and this is equal t 



the 




pull in the wire per 

?nare inch divided by 
oung's Hod alas of 
Elasticity, e. As, how- 
ever, it is oft. a more 
convenient to use a 
multiplier than a di- 
visor we are in the habit ' 
of using the reciprocal i''K- 31. 

of E, and denoting it 

by the letter a. Thus, if the pull per square inch is one 
pound it produces a strain of the amount, a, in the direction 
A B ; the Literal contraction of the material is — c " c — " 
in this case, and is usually denoted by the letter 6. 

W. The diminution In balk of a substance when il 
is subjected to pressure uniform all round, as, for instance, 
when it is surrounded by water in a hydraulic press, or 
sunk in the sea, has been experimented upon. The 
lessening in the balk per cubic inch is called the cubical 
strain of the substance. The pressure in pounds per square 
inch all over its surface represents the stress, and it is 
found that the strain is proportional to the stress. In fact, 
in any substance the stress is equal to 
the strain multiplied by a certain number, 
for which the letter E is usually employed, 
called the Modulut of Blaitieitv of bulk. 



TABLE II. 



Moduli 



Ether, 

Cold Water 

Water at 130° Fahr. . 

Mercury 

Flint glass . 

Wrought iron . 
Copper 



a cube one inch in each edge (Fig. 32), subjected 
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jompres- 
■ inch, it. 
shoiten, 

is rum. 



11 y the edges 
ah. c D, L E, and o f, become 1 — ■ 
inch in (snath, « being the reciprocal 
of Young's Modulus used above. 
Al-w the edges 111,11c, o L, and 
F E, get the length 1+4 inch. 
If now wo give to the facea, 
and e i- ii L. of thifi cut*, ■ 
hive foiees 1 Hi. per s.pi;irc iiii.li. 
is lh.. vdgva a e. ii<.\, ivliii.li shm 
and the edges a a, &c, wl 
Irniithoa. Again, give the 
jire.isiie fiin-cs to the third pair of 
opposite faces, Aimr and c o B t, 
and we have the edgea A i), ftc., shortening and n u, &c. , 
lengthening. If, now, all three seta of compressive forcefl 
act at the tame time, that is, the cube gete on every face n 
preaaure cf 1 lb. per sqiiate inch, na the comp it ssions und 
extensions are esocedinifly sm.ill, eucb .■<!-<■ nhortens Ly the 
amount a an.l leii.-'theria by thu amount 2 6. Hence the 
edi;e which used to be 1 inch ia now 1 — a ■+ 24 inch. 
The cubic content used to be 1 cubic inch, it ia 
1 - 3 (a - 2 b) wilt gieat exactitude. Hence 3 (a - 
is the amouut of cubical stasia produced by 1 lb. per sqi 
inch. That is, the Modulm of Elaiticitij of bulk. 



Fig. a. 



d if we know « and b it 



it may be calculated. 

56. It is found then that when a rod is pulled, not Only 
does it get longer, but its diameter gets less. When, 
for example, a rod of glass in pulled so that its length in- 
creases by the one-thousandth of itself; it is found that 
its diameter get.s less by the one three- thousandth of itself. 

57. Strength.— Table III., p. 68, shows among other 
things the pulling (or tensile) and pushing (or coiupres- 

"ve) stress which a material will hear before breaking, 
robably if these stiesses were allowed to act on the ma- 
terial for some time it would break even if they were not 
added to. They are obtained from experiments in which 
the load was increased pretty quickly, ;uuJ yet quietly, that 
is, without any jerkiiii; or sudden action. '"' 
' I the table an- taken from many somves. 



mly 
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general only be regarded as giving rough average values. 
The strengths of the metals I have taken from Mr. 
Unwin's book on machine design. The stress per square 
inch which will produce a permanent set in the material 
is sometimes called the elastic strength. The working 
stress is usually a fraction of this ; it is the stress which 
experience tells us to calculate upon for loads acting 
for a long time on materials, and which we shall be sure 
are perfectly safe in tho case of such materials as are 
supplied from foundries and forges. 

Exercise 1. — How great a pull will a round rod of 
brass stand before it breaks, if its diameter is 0*3 inch 1 
What pull would produce in it a permanent set, and 
what is the safe working pull? Answers: 1,237, 484, and 
254 lbs. 

Exercise 2. — A short hollow cylindric column of cast 
iron is 8 inches in outer diameter, 5 inches inner 
diameter. What is the safe load and what load will 
produce permanent set? Answer: the area of cross 
section is4 x 4 x 3*1416 minus 2*5 x 2*5 x 3*1416, or 
30*63 square inches; 30-63x21,000 is 643,230 lbs., or 
287 tons ; 30*63 x 10,400 is 318,522 lbs., or 142 tons. 

58. Pipes and Boilers. — We may consider that a pipe 
or other hollow cylinder, when it tends to burst with 
internal pressure, has twice as much 
tendency to burst laterally as to 
burst longitudinally. If, however, 
the cylinder is short, the ends may 
modify this effect, strengthening 
the cylinder laterally without alter- 
ing the endlong strength, but it is 
usual to have such cylinders long in 
proportion to their diameter, hence 
it is their lateral strength yi g . 33. 

which has to be considered. 
Imagine a hoop of breadth one inch, the pressure 
per square inch inside multiplied by the diameter 
in inches is the total force which tends to make this 
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f7**te»t safe 
l^r scraj* ixci £xsi£e a boiler 

* -r**- *x.?rri._3*£ !▼ xi* irameter (in 
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STRESS ON A SPHERICAL BOILER. 
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is- sectional 



In the lateral bunting tendency considered above, the 
total force acting at A and h (Fig. 33) a dp pounds, and the 
area of the metal at a and b being 2 f square inches, the 
stress on the material is dp -r- 2 t, or twice as much as in 
the other case. 

In this investigation I have considered that the stress 
at a and n is one of mere tension, and this is the case when 
the metal is thin in comparison with it* diameter. In a 
thick pipe or in a gun it is found that, although the 
average stress ma; be arrived at in the above way, some 
portions of the metal are more severely strained. It is not 
my purpose to consider such cases in this book. 

In a spherical boiler the tensile stress anywhere is 
evidently dp + it, being the same as the endlong stress in 
a cylindrical boiler of the same diameter and thickness. 

Borne students may have difficulty in understanding 
how it is that the pressure t^nitiitg to burst m 
boiler at a a is found by multiplying the 
area at ah by the pressure of the 
fluid in pounds per square inch. The 
pressure is really exerted on every 
portion of the surface a o b (Fig. 
33a), and it is everywhere at right 
angles to the surface, bat if the re- 
sultant force is calculated it will be 
found to be what has been stated. 
This will become evident on consider- 
ing that if one .half of 
^P^^ such a boiler is closed by 

^^^ a flat plate at a b (Fig. 

^^^k 33b), as the fluid pressure 

V~'. 

■■sm^ * c b is equal to the pressure on 

B a b. It is for this reason lhat we always cal- 

i'ig. 33a. culate the pressure on a pump plunger as 
being the sectional area in inches of the 
plunger multiplied by the pressure per square inch of 
the' fluid, taking no account of the fact that the end of 
the plunger may either be rounded or flat. 
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CHAPTER VII. 
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re likely to 



t BEIIAVIOUR OP MATERIALS. 

60. In this chapter 1 wish to draw y< 
. subject bi which the workman is mora likely 
obtain valuable information than any other person. 1 
have told you that when a load continues to pull a wire 
e continues to lengthen, although for small loads 
3 extension is practically ended after a few minutes. 
A load which is so great that it strains the wire per- 
sntly will very often be quite unable to break the 
however loug it is applied, but it is never thought 
advisable to allow such a load to act for a long lime, 
i found that after getting such a permanent set 
3 elastic, that is, its elastic strength is 
greater than it was previously. A wan who puts up 
bells in a house " kills " his copper wire, that is, gives 
a permanent set, as he finds that, after this opera! ' 
obeys better the laws of elasticity referred 
above. Similarly a telegraph-line-man kills hi 
before fixing it to the telegraph posts. It is probable 
that the effect of this " killing " is like the straining of 
a piece of riveted work beyond its limits of elasticity, 
which makes all the rivets fib better into their beds. 
It is, however, very curious to see how much set 
can be given to some materials. For instance, a thin 
brass wire gently pulled may be twisted to an enormous 
extent, and still retain elastic properties; indeed, its 
elastic strength may he higher than it was in the be- 
ginning. Again, when a wire by being drawn through 
a die is reduced to a smaller size, there is a complete 
alteration in the arrangement of its particles, and yet 
we know that the drawn wire has usually greater strength 
than it had originally, that is, it will Lear a greater 
load per square inch of its section; even hardened steel 
e can be drawn in this way. In the same way, ■ 
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block of copper, by a series of beatings and temperings, 
may be shaped like a pot or boiler, and a coin take 
the impression of a die, without losing their strength. 
In fact, metals seem to be able to flow if sufficient 
stress is applied to them, and at the end of the operation 
they are as strong as ever; indeed, they are very 
often stronger than before. When they are a little 
harder than they were, this quality, if not wanted, can 
be removed by heating and slow cooling, a process which 
goes by the name of " annealing." 

61. Another noticeable fact. It is found that a 
watch goes faster and faster for some time after it is 
made, but at the end of some months the balance spring" 
settles down into a state which does not much change 
afterwards. In this state then its elasticity is greater 
than it was in the beginning. The springs of chrono- 
meters are, however, often laid aside as useless after 
a few years' service, their elastic condition having altered 
so much since the beginning that they have to be 
replaced. It has been found that when a long wire 
is kept slightly twisting and untwisting 
except on Sundays, there is a gradual 
softening or an increase of internal fric- 
tion going on all the week, which greatly 
disappears during the Sunday rest. This 
and other facts concerning the behaviour of materiale 
which have been overstrained are vaguely comprehended 
under the expression, " fatigue of materials. "* 

62. When a load is suddenly applied to stretch 
a wire, it produces greater effects than when slowly 
and quietly applied. We know the reason of this. A 
weight which slowly applied would produce an extension 
of one inch, would, when suddenly applied, produce an 
extension of two inches. The wire now shortens to 
its original length ; then extends two inches and 
continues to get shorter and longer alternately. As 

* Consult Sir Wm. Thomson's article on Elasticity t in the " En- 
•yclopsedia Britannica." 
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a friction of some kind among the particles of the 
:, and there is also external friction, the lengthenings 
and shortenings gradually lessen till, in a short time, the 
wire settles down into the same state as it would have 
i if the load had been slowly applied. Now, if 
i this wire, when stretched two inches, 
to he strained just beyond its elastic strength, it is 
evident that the suddenly applied load does harm, 
whereas, the same load slowly applied would do no 
harm. The harm is greater if the weight, besides being 
applied suddenly, is moving before it begins to act 
on the wire. Take the case of a stone which is being 
removed by means of a crane. If the stone, happening 
to fall a little, be brought up by the chain, the increase 
in the stress on the chain is simply proportional to the 
height from which the stone has fallen, and is greater 
the less the chain is extended (see Chap. XIX.). When a 
wire is lengthened -1 foot by a weightof 1,000 lbs., which 
lias been increased gradually, we know that the pull on the 
wire began with 0, and, as the wire gradually extended, 
the pull became greater, till it is now 1,000 lbs. The 
average pull was 500 lbs. and 500 x '1, or 50 foot-pounds 
is the total energy stored up in the wire in the shape of a 
Strain. If we wish to give more energy to the wire, we 
must strain it more ; and this is just what we do when 
we let the weight fall suddenly. 

63. The energy stored up in any strained body may be 
calculated if we know the stress and the strain. The 
main -spun;.- of a w;itoh contains a stoie of energy which is 
gradually given out tij- tho spring in returning to an 
uustMiiiml I'niL'liii.iii. Each strained portion of the spring 
contains a portion of the store, and if at any place in the 
body there is loo great a store, the body nill brook there. 
Let us consider why a chisel euts into an iron plate. 
When I atriko tho head of a chisel with a hammer I 
the chisel in a very short period of time a certain 




rgy- 



This I 



uillcd 






quickly to the plate through the edge of the chisel. The 
shorter and more rigid the chisel, the more quickly is the 
energy sent through the cutting eJye into a, portion of the 
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plato. If it is not conveyed away rapidly from the edge, 
the amount contained in a small portion of material just 
under the edge is very great, and the material is fractured 
there. As the energy of strain is proportional to the 
product of stress and strain or to strain squared, the pos- 
sibility of fracture for a material is represented by the 
square root of the strain energy it contains per cubic inch. 
If a material is brittle there is a sort of instability which 
causes fracture at one place to extend to all neighbouring 
places. And hence, if we deliver with great rapidity to a 
small portion of such a material a moderate supply of energy, 
it is sufficient to produce a large fracture. As our material 
becomes lees and less brittle, we must have, over a larger 
and larger part of the volume in which we want fracture 
to occur, a sufficient supply of strain energy delivered. 
Hence, in cutting wood we use a wooden mallet and a more 
or less lengthened wooden-headed chisel. The mallet and 
chisel act as a reservoir for the energy of the blow which 
is delivered to the wood from the edge of the chisel 
with comparative slowness and just in sufficient quantity to 
cause rupture in front of the edge. If the wood without 
gaining in strength became more rigid so as to be able 
to carry off more rapidly the energy given to it by the 
chisel's edge, it would be necessary to make the supply 
more rapid by using a more rigid chisel and mallet, 
and as we do this we must take care that the chisel 
itself near the edge is strong enough to resist fracture 
(see Chap. XIX.). 

64. These are facts which we can understand; the 
following, however, are not so self-evident A piston 
rod is subjected to tensile and compressive stresses, 

often repeated. It is found that its breaking strength 
is not 45,000 lbs. per square inch, which, let us say, it 
would be for a steady pull or push, but 15,000 lbs. per 
square inch. If, instead of such an action, we have a 
tensile stress which varies frequently, although not sud- 
denly, from 30,000 lbs. per square inch to zero, the 
rod will break after a time. In the same way, steel 
which will bear a steady stress of 84,600 lbs. per square 
inch, will only bear 46,500 lbs. per square inch if the 
stress varies between this and zero, but is always of the 
same kind; whereas, it will only bear 25,000 lbs. 
per square inch if the stress is sometimes a pull of 
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this amount, and is sometimes a push of the same 
amount. 

65. We are also quite ignorant of the reason why 
steel hardens when suddenly cooled, and why this 
hardness is different according to the temperature from 
which this cooling starts. In every workshop the common 

method adopted for tempering a fitter's chisel is 

as follows : — Heat the chisel to a dull red colour, put the 
edge in water to a distance of say half an inch, quickly 
rub with pumice or a file, watch the edge till, as it heats 
by conduction from the thicker portion you know that 
a certain temperature has been reached by seeing a 
certain colour (lightish yellow for a chisel) of oxide of 
iron making its appearance. When this colour appeal's 
plunge the whole chisel into water. The steel is first 
made extremely hard at its edge, and is then brought 
back to the required degree of hardness by re-heating t 
up to a certain temperature and then cooling again. 
This simple process is in common use. In tempering 
other objects sometimes much greater care must be 
taken, since it is often necessary that every portion of 
the object shall be of the same hardness, and in such 
cases the whole may be cooled at first and then re- 
heated in a bath of oil, mercury, or other melted 
metal whose temperature is definitely known. The 
effect is of the same kind, however, whether the process 
is the rough one which I have described or a more 
careful one. It is usual to explain it by saying that in 
sudden cooling the particles of steel have not had time 
to get into their natural positions when cold, and that 
they jam each other somehow, getting into positions of 
instability ; but if it be remembered that we often find 
steel when hard to be stronger than when it was soft, 
you will see that there is a great deal wanting in this 
explanation of what occurs. As regards the influence of 
impurities, of gases from the atmosphere which are 
suddenly imprisoned among the particles of steel, 
very little is yet known. Again, cast iron >s stronger 
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if compressed in the melted condition until it solidifies, 
and we explain this vaguely by saying that the 
pressure closes up little cavities. Metal wires are 
strengthened in being drawn smaller through dies, 
but they lose this increase of strength, and gain in 
toughness, when afterwards heated and cooled slowly. 

66. I need not give you any more items of a long 
catalogue of curious properties of materials which we do 
not yet understand. Workmen know of and depend 
upon many of these actions, but nobody seems to have 
any clear idea as to how they take place. It is not merely 
that workmen temper steel and find that curious changes 
occur in the properties of their steel when it is altered a 
little in its chemical state ; the philosopher and the 
workman are equally aware of these facts, and equally 
ignorant of their real nature ; but some workmen who 
deal with little mechanical contrivances make use in 
their trades of certain properties of brass and iron and 
steel which the philosopher is quite ignorant of, and it 
is possible that an observing workman who knows a little 
of chemistry and physics may discover the key to all 
the mass of hitherto unexplained facts which I have 
indicated. As an illustration of an explainable 
effect which for a long time troubled the minds of 
students, the reader may refer to Art 61 — in which I 
speak of the elastic strength of materials, which to some 
extent depends upon the loads to which the materials 
have previously been subjected. 
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CHAPTER VIIL 

MATERIALS. 

67. A little knowledge is not a dangerous thing if tbe 
owner is modest enough to feel that it is only a little. 
It is often very useful, for instance, to know the most 
elementary facts of chemistry, for these will give you 
clear ideas as to the changes which occur during the 
manufacture of metals, the cause of the rusting of metal, 
the burning of fuel, and many other matters which you 
would otherwise be unable to comprehend. Again, a 
little knowledge of electricity would enable you to get 
clear ideas as to the action by which, when two metals 
touch in a liquid, one of them rapidly corrodes and the 
other does not, and how it is that oil preserves a polished 
metal surface. A little knowledge of heat will give 
you clear ideas as to how friction wastes mechanical 
energy by converting it into heat. It will tell you that 
when a body is heated it expands uniformly in all its 
dimensions ; wrought iron, '00001 23 5 of every dimension 
for one degree Fahrenheit; cast iron, '00001127; steel, 
•00001145; brass, -00001894; copper, 00001717 ; lead, 
•00002818; glass, -00000861; and Platinum, -00000884. 
It will tell you that when a gas is heated 490 degrees 
from the temperature of freezing water at constant 
pressure, it expands to twice its volume or cubic con- 
tent, and that liquids expand very much less than 
gases and more than solids. It will also give you clear 
ideas about melting and boiling, about the way in which 
heat is measured as a form of energy, and the properties 
of steam which enable it to be used in the steam-engine. 
It will also tell you about the giving up of heat from one 
body to another by conduction and radiation, thing* 
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which enter into every process going on in the workshop, 
and of which you can only have vague and incorrect 
ideas unless you spend a month or two in experi- 
menting. • I am sorry I cannot give you this clearness 
of ideas by anything which I can write ; I know 
no other way of obtaining it than through your own 
handling of some simple apparatus such as is usually 
kept unfortunately for the mere illustration of lectures. 

I mean in this chapter to give a rough account of the 
various materials used in construction. 

68. Stone. — The rocks which have once been melted, 
*nd have cooled slowly, are usually hard, compact, strong, 
and durable. They are most easily worked when regard 
is paid to the fact that they naturally divide up into 
certain regular shapes. They are all more or less crys- 
talline in texture. Stratified rocks are those which have 
been deposited at the bottom of a sea or river ; they are 
often easily divided in a direction parallel to the 
layers of which they are built up, but sometimes there 
are lines of easy cleavage in other directions. These 
rocks vary very much in appearance, according to the 
method of their formation, and to the heat and pressure 
to which they have been subjected, sometimes being 
very crystalline, strong and durable, like marble ; slaty 
rocks may be hard and durable, or soft and perishable ; 
sandstones are hardened sand of different degrees of com- 
pactness, porosity, strength, and durability ; there are 
limestones whose particles seem to form one continuous 
mass, and which, when they have been subjected to great 
heat and pressure, become marbles ; there are also lime- 
stones, which are composed of distinct grains cemented 
together, and which may vary very much in compactness, 
strength, and durability ; besides these there are con- 
glomerates, in which fragments of older rocks are im- 
bedded. A little knowledge of geology is necessary in 
order to understand the properties of rocks. Stones are 
preserved by coating them with some material such as 
coal-tar, various kinds of oil and paint, and soluble glass, 
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which fills their pores anil prevents tho entrance of 
moisture. An artificial stone, which can be made 
in blocks of any required size and shape, is obtained 
by turning out of moulds and afterwards saturating 
with a solution of chloride of calcium, a mixture of clean 
sharp sand and silicate of soda. The chloride of calcium 
and silicate of soda produce silicate of lime which 
cements the sand together and thus gradually consolidates 
the whole mass. 

69. Bricks. — Bricks are made of tempered clay, 
moulded, dried gently, then raised to and kept at a white 
heat in a kiln for some days, and cooled gradually. 
Bricks should have plane parallel surfaces and sharp 
right-angled edges, should give a clear ringing sound 
when struck, should be compact, uniform, and somewhat 
glassy when broken, free from cracks, and able to absorb 
not more than one-fifteenth of their weight of water. 
They ought to require at least half a ton per square inch 
to crush them. 

70. Limestone, when burnt in kilns, gives off carbonic 
acid. If pure it forms quick-lime, which combines 
readily with water, becoming larger in volume. Mixed 
with clean sand this forms mortar, which, in the course 
of time, hardens by losing its water and combining with 
carbonic acid from the air. If the burnt limestone were 
not pure, but contained certain kinds of clayey materials, 
iron, &c, it would not combine with much water, but when 
ground up fine, water enables its particles to combine 
chemically with one another with greater or less rapidity, 
depending on its composition. Such cement first sets, 
acquiring a large degree of firmness, and then more 
slowly becomes as hard as many limestones. When 
these natural hydraulic limestones are not available, 
nearly pure limestone may be mixed with a proper pro- 
portion of blue clay to produce, when ground and mixed 
in plenty of water, then drained and dried, then burnt 
and ground up again, an artificial cement, which is equal, 
if not superior, to the natural cement. Sand in mortar 
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saves expense^ and prevents the cracking of the mortar 
in drying, but in too great a proportion it weakens the 
mortar. Two measures of sand to one of slaked lime in 
paste is the average allowance, but every person who 
uses mortar ought to test a particular lime to see how 
much sand it will bear to have mixed with it. Concrete 
is a mixture of gravel or broken stones and hydraulic 
lime, the stones and gravel having about six times the 
volume of the lime. 

71. Earth. — It is usual to consider that the pressure 
of earth against a wall, A B (Fig.. 
34), is due to the tendency of a 
wedge-shaped mass of earth to 
slide downwards. We may sup- 
pose that A b c, or A b d, or 
A B e, is the sliding wedge, and we 
choose for our calculation that 
one which presses most against 



the wall. It is the weight of 




Fig. 84. 



the wedge of earth wliich urges 
it downwards; friction at its 
face B c, B d or b e tends to support it, as well as friction 
against the surface A B, where it presses on the wall. 
This friction is usually calculated from knowing b f, the 
natwral slope taken by the earth when not prevented 
from sliding. It is obvious that if the earth is veiy 
soft, or if much water gets between the earth and the 
wall, the pressure becomes like that of water. It cannot 
be said that experience has proved the untruth of this old 
theory; experience has shown that it is somewhat diffi- 
cult to find what is the natural slope 
of the earth immediately behind a 
wall, and what is the friction between 
the wall and the earth. Rankine, 
neglecting the friction against the 
wall, obtains from such a common- 
sense view as I have given, the following rule, which has 
been found to work fairly well in practice. Draw an 




Fig. 35. 
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Fig. 36. 



angle x Q r (Fig. 35) to represent the natural slope of the 
earth. Describe Y r x a semicircle touching or. Now 
if A B (Fig. 36) is the vertical face of a wall sustaining a 

bank of this earth whose slope is 
A c, make the angle xop equal to 
the inclination of A c to the horizon. 
Find B D so that P o : o Q : : A B : 

B D. 

Then a b d is a wedge of earth 
whose weight represents the total 
jrressure acting on A B. The pres- 
sures act in directions parallel to 
a c, and the resultant force, repre- 
senting the total pressure, acts a third of the way up 
from B to a. You must remember that this is a mere 
rule giving the result of a calculation, and that the 
wedge A B D is an imaginary thing used to help the 
memory. 

72. Water. — The pressure of still water is at right 
angles to any surface, and does not depend on the slope 
of the surface. It is greater at greater depths. If the 
pressure per square foot at any place is known, we 
can calculate the additional pressure at any lower level, 
for it is the weight of a vertical column of water 
one square foot in cross section reaching from the one 
level to the other. The pressure at all places on the 
same level is the same. Suppose that when water fills 
a vessel from which it cannot escape, we push in a 
piston or plunger until the pressure on the plunger is 
increased by say ten pounds per square inch, then at 
every place in the vessel there will be the same increase 
of pressure. Water is compressed about one forty -sixth- 
millionth of its cubic content for one atmosphere of 
pressure. (The pressure of one atmosphere is 14*7 lbs. 
per square inch, or 2,1 17 lbs. per square foot) The total 
pressure of water on any surface is obtained by regarding 
the pressure on each little portion of its area as a force, 
and finding the resultant of all the forces. On any 
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plane surface submerged in a pond, the total pressure 
is fownd to be the weight of a column of water whose 
cross section is the area, and wliose length is equal 
to the vertical depth of tlie centre of gravity of the area 
below still water level. If water is not still, but has a 
steady motion of any kind, let us consider the path "taken 
by any particle. Suppose that it goes more quickly 
at one place than another, then we shall find that its 
gain of kinetic energy is accompanied by a lowering 
of level or else by a lessening of pressure. If it is not 
getting lower in level then it must be exerting less 
pressure. In a horizontal pipe where the section is 
smaller the velocity must be greater, and here the 
pressure must be less.* No matter how quickly water 
may move in a pipe, the pressure can never become 
equal to that of a vacuum, because the water will give 
off vapour and completely alter the conditions of the 
case. Remember that the law given in the note supposes 
that there is no friction. The frictional loss of energy 
experienced by a particle of water moving in pumps and 
pipes is found by experiment to be nearly proportional 
to its kinetic energy. f Hence in hydraulic presses, and 

* If a little volume of water (one cubic foot we take for simplicity), 
whose weight is w pounds, is h feet above some datum level, if the 
pressure upon it is p pounds per square foot, and its velocity is 
v feet per second, then h w is the potential energy, due to its merely 
being above the datum level. It has also, in virtue of the steadiness 
of the motion, pressure or potential energy, which is represented by p 



foot-pounds, and its kinetic energy is J - v*. Its total energy is then — 

,10 
h w + p + £ v 2 , 

9 

and however its position, pressure, or velocity may change during its 
motion, the sum of these three terms remains the same, so that if two 
are given the third may be calculated. The student may object to 
this by saying that pressure cannot be regarded as a form of energy ; 
however, it is certain that in steady motion pressure enters into the 
expression for the total energy, and this is due to the fact that in 
nearly still water the pressure represents the work which all the rest 
of the water will do upon a particle should it rise slowly to a higher 
level. (See my " Cantor Lectures on Hydraulic Machinery "). 

t The force of friction in fluids is proportional to the velocity, 
when the velocity is small ; it is proportional to the square of the 
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in other machines where there is only a slow motion 
of the water, the loss through friction is much more 
negligible than it is in turbines and pumps. Thus, in 
a reciprocating pump, as the flow of the water is stopped 
in the barrel and valve-chest every stroke, its kinetic 
energy is all wasted, and hence it is advisable to make 
this flow as slow as possible. By the use of air vessels 
we can prevent the flow of water being suddenly stopped, 
and thus prevent the total loss of the kinetic energy. 
At any particular kind of bend in a pipe the energy lost 
is a certain fraction, or multiplier, of the kinetic energy, 
and this fraction, or multiplier, is found by experiment 
73. Example. — Water flows from an orifice in a 
vessel into the atmosphere. The still water surface is 
twelve feet above the orifice. What is the velocity of a 
particle of the issuing water which is in contact with 
the atmosphere? (The particles in the interior of the jet 
may not be at the pressure of the atmosphere.) Now, 
when this particle was motionless at the surface of the 
water in the vessel, its pressure was that of the 
atmosphere ; call it zero. Pressure energy, then, is zero 
at beginning and end. Loss of potential energy is the 
weight of the particle multiplied by the difference of 
level, and this has all been converted into kinetic energy. 
If the weight of a particle is 1 lb., it has 12 x 1 or 12 
foot-pounds of potential energy changed into kinetic 

energy, but its kinetic energy is ^i x square of its 

velocity in feet per second; hence the square of its 
velocity is 64*4 x 12, or 772-8, or the velocity is 27*8 
feet per second. You will, in fact, find that the velo- 
city of the particle is tho same as if it had fallen 

velocity in the case of ordinary steamers, and becomes proportional to 
a higher power of the velocity in very quick moving vessels. Now the 
energy wasted per second in overcoming friction is equal to the force 
of friction multiplied by the velocity per second. Hence in water 
pipes, when the velocity is not great, the energy lost is proportional to 
the squire of the velocity ; in ordinary ships it is proportional to the 
cube of the velocity. 
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freely from the height of twelve feet. If, instead of 
flowing into the atmosphere, the water flowed into a 
place where the pressure is greater than that of the 
atmosphere, the velocity would have been less. If you can 
find a place in the issuing jet at every point of which the 
water flows at right angles to the cross section of the jet, 
and this seems to be the case at the most contracted 
part of the jet just outside a circular orifice, then the 
area of this cross section in square feet multiplied by 
tJie velocity we have calculated in feet per second gives 
tfie quantity of water in cubic feet per second. In the 
same way tJie quantity of water flowing through a pipe 
is tJte cross sectional area in square feet multiplied by the 
velocity. 

74. " Timber. — A tree is made up of a great number 
of little tubes and cells arranged roughly in concentric 
circles. The process of seasoning consists in uniformly 
drying the timber. As each little portion dries, it con- 
tracts, and becomes more rigid, and it contracts much 
more readily in the direction of the circular arrange- 
ment of the tubes than it does towards the centre 
of the tree, and least easily in a direction along 
the tree. It is obvious, then, that if the tree is dried 
whole, there will be a tendency to splitting radially. If 
the tree is cut up before drying we can tell the way in 
which the planks will warp if we remember the above facts. 

Firwoods are easily wrought, and possess straightness 
in fibre and great resistance to direct pull and transverse 
load, and are largely used because of their cheapness. 
They differ greatly in strength, but their defect is their 
inability to resist shearing. The best of these is the 
red pine or Memel timber from Russia, which can be 
had in large scantlings, and thus used without trussing. 
The white fir or Norway spruce is suitable for planking 
and light framing, and is imported from Christiania in 
ideals," "battens," and "planks." Larch is a very 
strong timber, hard to work, and has a tendency to warp 
in drying, and is therefore not suitable for framing, but 
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is largely used for railway-sleepers and fences, because of 
its durability when exposed to the weather. Cedar lasts 
long in roofs, but is deficient in strength. 

The English Oak is the strongest and most durable 
of all woods grown in temperate climates, but is very 
slow-growing and expensive. Its great durability when 
exposed to the weather seems to be due to the presence 
of gallic acid, which, however, in any wood corrodes iron 
fastenings ; trenails or wooden spikes should be used 
instead. Teak, which is grown in the East, is the finest 
of all woods for the engineer. It is very uniform and 
compact in texture, and contains an oily matter which 
contributes greatly to its durability. It is used specially 
in ship-building and railway carriages. Malvogany is 
unsuitable for exposure to the weather, but it has a fine 
appearance and is not likely to warp much in drying. 
It is chiefly used for furniture and ornamental purposes, 
and to some extent in pattern-making. Ash is noted for 
its toughness and flexibility, and a capability of resisting 
sudden stresses of all kinds, which make it specially 
adapted for handles of tools and shafts of carriages. It 
is very durable when kept dry. It is not obtainable in 
large scantlings, and is sometimes very difficult to work. 
Elm is valuable for its durability when constantly wet, 
which makes it useful for piles or foundations under water. 
It is noted for its toughness, though inferior to oak in this 
respect, as also in its strength and stiffness. It is very 
liable to warp. Beech is smooth and close in its grain. 
It is nearly as strong as oak, but is durable only when 
kept either very dry or constantly wet. It is very tough, 
but not so stiff as oak. (See also Table VI.) 

The best time for felling timber is when 
the tree has reached its maturity, and in autumn when the 
sap is not circulating. We want to have as little sap in 
the timber as possible, and in order to harden the sapwood, 
some foresters are of opinion that the bark should be 
taken off in the spring before felling. After timber is 
felled, it is well to square it by taking off the outer slabs. 
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Timber is, for the most part, dried by putting it into 
hot-air chambers, from one to ten weeks according to the 
thickness. Even when kept quite dry, ventilation is 
necessary to prevent dry rot. The circumstances least 
favourable to the durability of timber are alternate 
wetting and drying, as in the case of timber between 
high and low water mark, whereas good seasoning and 
ventilation are most favourable conditions. The most 
effective means adopted for preserving timber is by 
saturating it with a black oily liquid called creosote* 
The timber is placed in an air-tight vessel, and the air 
And moisture extracted from its pores as far as possible. 
The warm creosote is then forced into these pores at a 
pressure of 170 lbs. per square inch. In this way timber 
may be made to absorb from -^th to -j^th of its weight 
of creosote. 

75. Glass. — Glass is a combined silicate of potassium 
or sodium, or both, with silicates of calcium, aluminium, 
iron, lead, and other chemical substances. Certain 
mixtures of flint and chemicals are melted in crucibles, 
formed when hot into the required shapes, and cooled as 
slowly as possible. The more slowly and more uniformly 
the cooling is effected, the more likely is it that the glass 
shall be without internal strains. When glass is 
suddenly cooled, as when a melted drop falls into water, 
the outside is suddenly contracted, becomes hard and 
brittle, and there are such internal strains that if the 
tapering part be broken or scratched at the point, the 
whole drop crumbles into a state of dust. A blow or scratch 
on the thick part produces no such effect. Heating and 
gradual cooling destroys this property. Many peculiarities 
in the behaviour of metals when heated and cooled seem 
to be caricatured in glass, possibly because they are due 
to the fact that all the portions of matter which are about 
to form one crystal must be at the same temperature, and 
when the substance is a bad conductor of heat there is 
great variation in temperature. Pure metals are good 
conductors, but the admixture of small quantities of 
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carbon and of gases hurts their conductivity. TougJtened 
glass is the name wrongly given to the hardened glass 
produced by plunging glass, in a nearly melting state, 
into a rather hot oily bath. This glass is somewhat in 
the condition of the glass in a Rupert's drop. It is so 
hard that it is difficult to cut it with a diamond, but if 
the diamond cuts too deep the whole mass breaks up into 
little pieces. Objects made of it may be throwu violently 
on the floor without breaking. 

76. Cast Iron. — Certain chemical changes occur when 
the ores of iron are smelted ; the iron ceases almost en- 
tirely to be in chemical combination with other substances, 
and impurities almost disappear, excepting carbon, which 
is mainly derived from the fuel. In the cupola of the 
foundry a greater purification is effected, and it is found 
that the composition of a casting is from 97 to 95 per 
cent of iron, with 3 to 5 per cent, of carbon, although 
traces of other substances are to be found. About 2£ 
cwts. of good coke are usually required to melt each ton of 
iron in a cupola. When the carbon is all chemically 
combined with the iron, the cast iron is white (specular 
iron) and is very Jtard and brittle. Wlien only a little 
of the carbon is chemically combined, and most of its 
'particles crystallize separately, tlie cast iron is grey in 
colour. Using the common names for the different 
varieties, No. 1 is darkest in colour, and from No. 4 to „ 
No. 1 there is a gradual darkening in colour. Nos. 1, 2, 
3, and 4 are commonlj r used in the foundry, mixtures 
being made of them in various proportions according to 
circumstances. A. greater proportion of No. 3 or 4 gives 
greater strength, whereas a greater proportion of No. 1 
gives greater fluidity, and a better power of expanding 
at the moment when the metal solidifies, so that the 
sharp cornel's of the mould are better filled. Higher 
numbers than 4, as 8, 7, 6, and 5, the white varieties, 
are seldom used in the foundry, but they may be 
converted into grey varieties by slow cooling. To 
soften a hard casting it is heated in a mixture of 



CLef. VIII.] CASTINGS. 81 

bono ash and coal dust or sand, and allowed to cool there 
slowly. 

77. Patterns of objects are usually made in yellow 
pine, about one-eighth of an inch per foot in every direc- 
tion larger than the object is to be, because the iron 
object contracts to this extent in cooling. Prints are 
excrescences made on the patterns to show in the mould 
where certain cores are to be placed These cores are 
made of loam or core sand in core-boxes, which the 
pattern-maker supplies ; they represent the spaces in the 
object where the melted metal is not to flow. You must 
see for yourself in a foundry what are the usual methods 
of preparing a mould; how the pattern is made so 
as to draw out easily ; how the moulder arranges his 
vents to let gases escape ; how he places his gates to 
let the metal run into the mould with just enough rapidity, 
and yet without hurt to the mould You must also see 
for yourself, taking sketches in your notebook and making 
a drawing of the cupola, how the pig iron is melted 
and poured into the moulds; how the moulder stands 
moving an iron rod up and down in one of the gates, 
producing just so much circulation and eddying motion 
in the melted iron, as is likely to remove bubbles of gas 
which may otherwise be unable to escape from the sides 
and corners of the mould; how in some castings he 
exposes to the air certain parts which would otherwise 
cool too slowly for the rest of the objer t ; how next 
morning he screens his sand and wets it. You ought to 
observe the appearance of the castings before and after 
they are cleaned up next morning. 

78. The Cooling of Castings. — The most important 
matter in connection with moulding is that there 
shall be the same amount of contraction at the same 
time in every portion of the mass of metal as it 
cools; otherwise, when finished, there may be internal 
strains which very much weaken the object, and often 
produce fracture. In designing the shape of an object 
which is to be cast, care is taken that when a thin 

a 






portion joins & thick one, it almll do so by getting 

gradually thicker, and not by an abrupt change of size. 
The thin piece exposes more surface, and cooling is 
effected through the surface. The thin rim of a 
pulley cools sooner than the arras, and becomes rigid 
sooner : when the arms coo! they contract so much as some- 
times to produce fracture near the junction. In a thick 
cylindric object the outer portion becomes rigid first ; 
now, when the inner portion contracts, it tends to 
make the outer portion contract too much, and the 
outer portion prevents the inner from contracting as 
much as it ought to, so that the outer portion retains ft 
compressive strain, and the inner a tensile strain. "When 
a hollow cylinder ia cast, and is required to withstand a 
great bursting pressure, that is, all the metal is required 
to withstand tensile stresses, it is usual to cool it from 
the inside by means of a metal core, in which cold water 
circulates. The inside now becomes rigid first, the 
outer portions as they solidify contract, and tend to 
make the inner portion contract more than it naturally 
would, and there is a permanent state of compres- 
sive strain in the object which materially helps it to 
resist a bursting pressure. This inequality of contrac- 
tion and production of initia' strains in objects cause 
them to vary in their total bulk as compared with that of 
their patterns, but it is probable that some of this varia- 
tion is due to the fact that the contraction of grey cast 
iron is only one per cent, of its linear dimensions, 
whereas white cast iron, contracts two to two and a half 
per cent. The fractional difference between size of pattern 
and the finished object varies from one- twenty-fifth of an 
inch per foot in small thin objects, to one-eighth of an 
inch per foot in heavy pipe castings and girders. As 
there is always great inequality in the rate of cooling of 
ft casting near a sharp corner, internal strains may be 
expected here, and also an inequality in the nature of 
the cast iron, since the grey variety gets whiter the more 
rapidly it is cooled, In nearly all bodies a re-entran 
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corner is a place of weakness (see Art. 9 j), 
and is specially to be guarded against in 
castings. Crystals of cast iron and other metals group 
themselves alorg lines of flow of heat. When a plate or 
wire of iron or steel is rolled or pulled, the crystals become 
more longitudinal, and the wire or plate becomes stronger, 
whereas annealing allows the crystals to arrange them- 
selves laterally, and the material is weakened. Castings 
which have been rapidly cooled by being cast in an iron 
mould (painted on its inside with loam) are white, and 
very hard in those parts which lie nearest the mould, 
whereas they are grey and strong inside. These are called 
chilled castings. When a casting is put in a box, sur- 
rounded with oxide of iron, and kept at a high temperature 
for a length of time, its surface, to a depth dependent on 
the time, loses its carbon and becomes pure or wrought 
iron, which is much tougher than cast iron. The teeth 
of wheels are sometimes heated in this way. Such are 
malleable castings. Melted cast iron possesses the 
property of dissolving pieces of wrought iron, and is 
then said to be toughened cast iron. 

79. Wrought Iron. — Cast iron is exposed to the air in 
a melted state for a long time, and the carbon is burnt out 
of it. The pig-iron really undergoes two processes, one 
, called refining, the other puddling. It is then hammered 
and rolled when hot into bars of various shapes. The 
quality of wrought iron bars as bought in the market 
varies greatly. We have common iron, used for rails, ships, 
and bridges; best, double, best, and treble best Staffordshire 
iron, used for boilers and forgings generally ; Lowmoor, 
Bowling, and other good irons for the most difficult 
forgings ; and lastly, c/iarcoal iron, which is nearly pure. 
Up to the temperatures of ordinary boilers, the tensile 
strength of iron is not much diminished by heating, 
but at a red heat it is very much less than in the 
cold state. By rolling and hammering when hot, iron 
gets a fibrous texture, and becomes more tenacious. 
By hammering when cold, or by long continued strain8 
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of a vibratory kind, it is thought that wrought iron 
changes its fibrous and tough . for a crystallised and 
more brittle condition. This brittle condition may be 
removed by heating and slowly cooling (annealing). 
Iron wire is stronger the thinner it is. Bar iron 
is generally stronger than angle or T-iron, and this 
again than plate iron. The toughness of an iron bar is 
best shown by the contraction it undergoes before it 
breaks. The section of a very tough bar may contract 
as much as forty-five per cent, in area. Case liardening 
of a wrought iron object is effected by heating it in a 
box with bone-dust and horn shavings. The iron absorbs 
carbon, and is partially converted into steeL 

80. Steel. — Steel contains less carbon and impurities 
than cast iron, and thus lies intermediate between cast 
iron and wrought iron. It is produced by giving carbon 
to wrought iron, keeping the iron heated for some days 
in contact with powdered charcoal, and then hammering 
it whilst hot till it is homogeneous, or else casting it 
when melted into ingots. Steel is alsb produced by 
taking only a portion of the carbon from very pure 
varieties of cast iron by a puddling process such as is 
employed in the production of wrought iron, or by the 
Bessemer process. In the Bessemer process, air is forced 
into the melted cast iron for a time, and very pure white 
cast iron is then added to help in removing bubbles of 
gas. I have already told you about the tempering of 
steel. (Art. 65.) It is more fusible than wrought iron, 
and some success has been met with in the production of 
steel castings in spite of the fact that they are apt to 
contain cavities. The strength of steel is greater than 
that of any other material, and is greater as it contains 
more carbon. The properties of steel depend so murli 
on so many seemingly small things, small impurities, a 
little too much heating or variation in the rate of cool- 
ing at different places, that great care must be taken in 
working it. By the Bessemer and Siemens processes 
great quantities of steel are produced cheaply, contain- 
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ing small percentages of caibon. This steel is largely 
coming into use for locomotive rails, bridges, and ships, 
instead of wrought iron. 

81. Copper is noted for its malleability and ductility 
when both hot and cold, so that it is readily hammered 
into any shape, rolled into plates, and drawn into wires. 
When cast it usually contains many cavities, but when 
pure it may be worked up by hammering into a state of 
great strength and toughness, whereas slight traces of 
carbon, sulphur, and other impurities necessitate its Wing 
refined to get rid of its brittleness. The brittleness pro- 
duced by hammering when cold is very different, as it is re- 
movable by annealing. Copper is an expensive metal, and 
is only used now for pipes which require to be bent cold, 
for bolts and plates in places where iron would be more 
readily corroded, and for electrical purposes. Its tensile 
strength is more reduced by heating than that of iron. 

82. Brass consists of about two parts by weight 
of copper to one of zinc. It is used chiefly on 
account of its fine appearance and the ease with which it 
can be worked. A little lead added in melting makes it 
much softer. Muntz metal contains more zinc than 
ordinary brass. Bronze and Gun-metal are alloys of 
copper and tin in varying proportions, more tin giving 
greater hardness. Five of copper to one of tin is the 
hardest alloy used by the engineer. A slight addition of 
zinc increases the malleability. A great many experi- 
ments have been made on bronze. Its strength depends 
very much upon ihe care taken in mixing the mecals. 
It makes good castings, which are usually formed in cast- 
iron moulds. Hard bronze is much used for the bear- 
ings of shafts. There are also various soft alloys of copj>er 
with lead, zinc, tin, and antimony, which are used for this 
purpose. Phosphor bronze is an alloy of copper and tin, 
to which some phosphorus has been added. it bears 
re-melting (unlike gun-metal), and its properties may \*c 
varied at will. It may be either stvong and hard, or 
weaker but very tough. 
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SHEAR AND TWIST. 



83. Let c d (Fig. 37) be the top of a firm table, F H a 
long prism of india-rubber glued to the table, ab a flat 
piece of wood glued along the upper side of the india-rubber. 
We try in this way to apply a horizontal force to the whole 
upper surface of the india-rubber, so that if, for instance, 
the pull in the cordis 20 lbs., and the upper surface of the 




india-rubber is 10 square inches in area, there will be a force 
of 2 lbs. per square inch acting at every part of the surface, 
and this force will be transmitted through the india-rubber 
to the table. When the length of the prism is great 
compared with z F, we may suppose that the bending in 
it is very small, and in this case we say that the india- 
rubber is being subjected to a pure shear strain, and the 
force per square inch acting on its surface is also acting 
from each horizontal layer to the next and is called the 
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shear stress. If you had drawn vertical lines like y' z 
before the cord was pulled, you would now find them 
sloping like Y x. Thus, making a magnified drawing of 
y x in Fig. 38, the point y' has gone to y, and any point 
like M has gone to N. Points touching the table cannot 
move, but the farther a point is away from this fixed 
part the further it can move. Now suppose that y' y is 

001 inch, and we know that x y' is 2 inches, what is the 
amount of motion of M if M x is 1 7 inch ? Evidently 
y' Y is greater than M n just in the proportion of y'x to 
M x, or 2 to 1 -7, hence mn is 0-0085 inch. Thus the 
motion of any point is simply proportional to its dis- 
tance above the fixed plane, and if we know the amount 
of motion at,, say a distance of one inch, we can calculate 
what it must be anywhere else. Tlie amount of motion 
at one inch above the fixed plane is called the shear strain. 
In this case we have supposed the force on p g to be 

2 lbs. per square inch. This is said to be the amount of 
the shear stress, and it produces or is produced by a 
shear strain whose amount is "005 inch per inch. If 
the shear stress were 4 lbs. per square inch, you would 
find the strain to be 01, if the stress were 8 lbs. per 
square inch the strain would be 02. In fact, we 6nd 
experimentally that the stress and strain are proportional 
to one another. Thus if, instead of india-rubber, we 
had a block of tempered steel, we should find that the 
force in pounds per square inch is equal to 13,000,000 
times the strain. This number is called the modulus 
of rigidity for steel ; it is given in Table III. 

84. Example. — A beam of steel has one end fixed, and 
at the other is a weight of 20 tons. The cross section of 
the beam is 2 square inches in area, and the length of 
the beam is 5 inches. Besides the deflection of this 
beam due to bending, there is a certain deflection due to 
shearing ; how much is it 1 Answer : the shear stress iar 
10 tons, or 22,400 lbs. per square inch. This produces a 
shear strain of 22,400 -j- 13,000,000, or O0172. This 
is the amount of yielding at 1 inch from the fixed end, 
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85. The shear stress which will produce rupture i 
not wi.'ll known for any substance except east ; 
wrought iron, but the shear stress which will product 
permanent aet is fairly weJl known, and we are b' 
agreed as to the ordinary working shear stress 
a trials. For wrought iron it is usually regarded 
loss than the working tousile stress; but in a single 
riveted lap joint in holler-] dates, as the holes 

lally punched (and this weakens the metal), and as 
rivet iron is usually of a better quality than plate, T > e— 
it'jss •'■lion of the iron which is left, which is resisting 
pull, is made to have the same area as the cross sections 
of all the rivets, which, of course, resist shearing. 
~~ tides breaking by either a tonsile or a shear stress 
d .joint may give way by the rivet crushing < 
'tished by the side of its hole. Again, in 
.veted joints, when the rivets are long, as they tend t 
nitract in cooling and are prevented by the plat 

much tension may remain permanently in them that 
ley arc greatly weakened. Jn bolts there is u 
want of perfectly uniform distribution of the 
and they are made larger than rivets in the 
isitions. 

6. In the punching of rivetlioles it is a sliearir 
which acts on the materia! ; the area of the c 
-if the hole, muttif/ie'l by the breahiny sliear s 
le material per square inch, represents the fori 
'h irhich the punch ntiisl be pressed dawn i 

The punch must be able to resist this foi*ce ii 
compressive stress on its own material Experimei 
punching machines show that about 24 t 
square inch is the average shearing force require 
pressure lias to be exerted through a very short 
nee indeed, for as soon as fracture o 
to overcome no more resistance to shear. In shearing 
.Chines, if the entire edges of the shears coincided 



Chap. IX.] 



IUKE SHEAR STRAIN. 



89 



with the plate as soon as they touched anywhere 
there would be the same sort of effect produced; but by 
inclining the edges the shearing action does not occur 
instantaneously at every place, and the rupture being 
more gradual than in punching, the shearing resistance 
is usually from 10 to 30 per cent. less. It is very 
probable that the power lost in punching and shearing 
machines is wasted rather in the friction of the heavy 
parts of the mechanism than in the almost instantaneous 
effort of cutting the material The effort required seems 
rather that of an impact (see Chap. XIX.) than of the more 
gradual action to be found in most existing machines. 
The only excuse for using such uneconomical machines 
as hydraulic bears and shears is that, although they are 
uneconomical, they may be worked by hand. In the fly 
presses used for hand-punching, and used largely in 
coining, the idea of an impact is already in use ; it will 
come much more into use in large machines when 
engineers become better acquainted with the distinction 
between force and energy. 

87. However long we may make our block of india- 
rubber in Fig. 37, we shall still have some bending in it — 
that is^he stress will not be uniformly distributed over 
each horizontal layer. To prevent this bending effect, and 




Fig. 39. 



to produce a really pure shear strain, we ought to have 
force distributed over the ends f z and o h of the same 
amount per square inch as we have now acting over 
p o and z h. These are shown in Fig. 39, where p is 
the pull in the cord of Fig. 37, p' is the equal and 
opposite force exerted by the table on the glued under- 
side of the india-rubber, and f and f' are equal and 
opposite forces distributed over the ends, such that the 
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couple r r 7 is able to balance the couple r f*. There can 
now be no bendir.? moment at any place. As f multiplied 
by the l~n2th of the prism is the moment of the couple 
fi', and is wnl to p multiplied by the vertical dimen- 
sion, we see that p distributed over the horizontal surface 
# is the same stress per square inch as f 

T- t-f distributed over the ends. From 3uch a 

|y - */ f ■ ? / material then, if we cut a cubical block, a, 
■ "* '* Fig. 40, its horizontal faces y y and x x 

are acted upon by equal and opposite tan- 
gential forces, and its faces t x, y x are 

acted upon by forces of exactly the same 

* — amount. The faces parallel to the paper 

Fig. 40. have no forces acting on them. This will 

give you the best idea of pore shear stress. 

The material in Fig. 37 near the ends of the block does 

not got a pure shear, but if the block is very long, then 

at the middle there is a nearly pure shear acting. 

In Fig. 40 the cube x y 7 y 7 x has become x y y x. 
Suppose the side of this cube to be 1 inch, then y 7 y is the 
shear strain, which I shall call «. The tangential force 
distributed over y y is p lb., let us say. Then if we 
denote by the letter n the modulus of the rigidity of the 
material, 

p — N 8. 

88. Nature of Shear Strain.— Now when y' moves to 
y, the diagonal x y' becomes extended to x y. Its 
original length was Vt (the diagonal of a square whose 

Hide is 1) and its new length is v^ -f- ~r\ as we see very 

easily. Hence the diagonal x y* 9 and all lines parallel to 
this diagonal, have a tensile strain, whose amount is 

,-fiSlStt > r £ + ^ and «* is *• ****> * the 

Hiirno way we find that the diagonal y' *, and all lines parallel 

to it, have a compressive strain whose amount is £. Thus 

it has become quite clear that a pure shear 
strain simply consists of a compressive 
strain in one direction, accompanied by a 
tensile strain in the perpendicular direc- 
tion, these strains being each half the 
■ hear strain. Now when we have a compressive or 
tensile strain we know that there is compressive or tensile 
which produces it; let us find how much this is. 
» ■mall right-angled prism of material, shown in 
ich M I X, ¥\g. \\,\a ft& Yc\w<gv\\fod cross 
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Fig. 41. 



section. Make m f, say 1 inch, m k the same, and let the 
length of the prism at right angles to the paper be also 
1 inch. Neglecting its own weight, this prism is kept at 
rest by the matter outside it acting on its three faces. Face 
m p is pushed by a normal 
force of p' lb. per square inch, 
and as its area is just 1 square 
inch, the total push is p' lb. 
Similarly the face m x is pulled 
by a normal force of p' lb. 
And also the face fk is acted 
on by tangential forces of p lb. 
per square inch, and as its area 
is V 2 square inch, the total 
amount of shearing force act- 
ing on p x is p a/2 lb. Now 

when three forces keep a body in equilibrium, and two of 
them are at right angles, the sum of their squares is equal 
to the square of the third force (this is easily seen if we 
draw the triangle of forces), hence the square of p*/~, 
which is 2 p 2 J is equal to p' 2 + p' 2 or 2 p' 2 . Hence p=p', 
and we have proved that the compressive and 
tensile stresses which occur in pure shear 
strain are numerically equal to what we 
called the shear stress. 

89. One other proof, and I shall leave these interesting 
theoretical considerations. Suppose we cut a cube, abcd, 
Fig. 42, of one inch side from a material subjected to pure 
shear strain, and let the faces of the cube parallel to the 
paper have, as before, no stress upon them, the other faces 
being at right angles to the directions of compression and 
extension. Shear occurs parallel to tho face Ac; let us con- 
sider the motion of the point d relative to a c ; in fact, 
regard a c as fixed. Under the sole action of the pushes on 
a d and b c we know that the side I) c shortens by the small 
amount p a (see Art. 54). Let us set this off from d to m. But 
when this occurs the side a d lengthens by the amount p b ; 
set this off from m to d'. Hence the pushing forces on a d 
and b c cause d to move to d'. Again, the pulling forces 
on d c and a b further lengthen a d by the distance p a, 
which we set off from d' to l, ar i shorten n c by the 
distance p b, which we set off froi i l to i>". Hence the 
motion pf d due to the pulls and p jBhes acting together is 
d d", and we see that this is 

(d m + l d") V"2 or (a + b) p V* . 
But * the amount of shear is d d" -r d o, and fc& i* q * K 
hwh and a j> is one inch, we have * ^ 
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s = (a + b) p <S\ -5- *- or 2p (« + b) 
That i», shear strain = shear stress multiplied by 2 (4 4- 4). 




2 (-4 + h) 
1 

3 (a - 2b) 
I 



So that f A* reciprocal of 2 (a + £) w u?Aa* w* ca/krf n, the 
modulus of rigidity of the material. 

90. General Results. — Referring back to Arts. 54 and 
oo, you will see that we have 

Modulus of rigidity . . . n = 
Modulus of elasticity of bulk . k = 

Young's modulus of elasticity . b = 

and you will also see that if we know two of these for any 
material we can find the third. 

Some French mathematicians have thought that the 
ratio of a to b t and therefore the ratios of n, k and e to one 
another, are constant for isotropic substances; a being 
always four times b. Experiment has shown that this is 
not the case, the ratio of a to b being 3 to 2*5 in glass or 
brass, 3*3 in iron, 4 '4 to 2*2 in copper, ancf in other sub- 
stances varying from these values very much indeed. 

Just as Young's modulus is seldom found from experi- 
ments on the extension of wires, but rather from the 



bending of beams ; so the modulus of rigidity is seldom 
found from experiments like that of Fig. 87, but rather 
from experiments on the torsion of rods. ■ 

91. Twisting.— In Fig. 43, a b represents a wire held 
firmly at a. At b there is a pulley fixed firmly to the 
wire, and this pulley is 
acted upon by two cords, 
which tend to turn it 
without moving its cen- 
tre sideways. In fact, 
they act on the pulley 
with a turning moment 
merely. But the pulley 
can only turn by giving 
a twist to the wire, and . 
. the amount of motion it 
gets tells us how much 
the twist is. A little 
pointer fastened at c 
moves over a cardboard 
dial, and tells us accu- 
rately how much twist L 
given to the wire. The 
angle turned through by " 
the pointer is called the 
angle of twist at c. If 
we had a pointer at each 
of the places o, H, and c, 
and if a, a, H, and c were 
one foot apart from one 
another, we should find 
that the angles of twist 
at o, H, and c are as 1 : 2 : 3 ; i 
is proportional to the length ofw 

You will find that if a twisting moment of 10 pound- 
feet produces a twist of 4°, then a twisting moment of 
20 pound-feet produces a twist of 8°, and, in fact, 
the twist is proportional to the twisting moment which 
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is applied. You will also find that if you try different 
sizes of wire of the same material, say wires whose 
diameters are in the proportion of 1, 2, 3, <fcc., and to 
each of them you apply the same twisting moment, the 
amount of twist produced in them will be in the propor- 
tion 1, jg, gj, «fec. ; that is, inversely as tlie fourth 

poioer of t/ie diameter of the wire. Lastly, taking wires 
all of the same diameters and lengths, but of different 
materials, and applying to them the same twisting 
moment, the amount of twist will be inversely propor- 
tional to the number which we call tlis modulus of rigidity 
of the material. (See Art. 87, and Table IIL) The exact 
rule found experimentally is this : — To find the angle of 
twist in a brass wire 20 inches long. 0*1 inch diameter, 
when a twisting moment of 4 pound-inches is applied, 
multiply 4 by 20, and by a constant number 583*6 ; 
divide by the modulus of rigidity, for brass 3,440,000, 
and by the fourth power of *1, which is *000i, and we 
get the angle of twist 135 7 degrees. 

It will be seen ihat the strain is a shear strain. 

"Consider m h g (Fig. 44) to be a 
cross section of the wire; then a 
point which is at H before t\ e 
twist occurs is found to be at g 
when there is a twist in the wire, 
and a point such as p' moves to P, 
but a point o in the centre of the 
wire does not move. Now there is 
Fig. 4t. n o such motion at the fixed place A, 

: Fig. 43, and in each section there 
is more of this motion the farther it is away from 
a ; in fact, the motion is just as it was in the india- 
rubber of Fig. 37, only that it varies in the section, the 
motion being greatest at the outside of the wire, and 
nothing at the centre. The material breaks when th^ 
shear stress at the surface becomes too great, and the 
found by experiment is that for any material, what- 
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ever the length of the wire, the twisting moment which 
will cause rupture is proportional to the cube of the 
diameter. It is well known that when a shaft is trans- 
mitting power, the horse-power transmitted ia propor- 
tional to the twisting moment or torque in the shaft 
multiplied by the number of revolutions made by it per 
minute. The rule used by engineers is this: — Divide 
the horse-power by the number of revolutions per minute, 
and extract l/ie cube root ; multiply litis result by 4, 
and we have the safe diameter for a wrought-iron shaft. 
We use the number 3'4 if it is a steel shaft. 



92. Consider a little prism, f b (Fig. 15), whose ends 
in two CTOM sections, of a shaft near togethi 
centre of one of the sections, and o' the centre of the oihei 
The twisting strain causes b to move to b', regarding p » 
fixed. (The motion is, of course, usually very much 
than I have here shown 
it.) There must than 
be Bbearingforces acting r 

... ,l. — 3- i n oppugn >. p _ ■* 









angle of twist 
shaft per inch 
length, then b o' 
multiplied by o 



is an angle measured in 
radians (see Angle, in 
Glossary). The shear ' 
strain in the little prism 
is u W divided by p I 



hence the at 






It. 83). If 




end of the little prism in square inches, the shear force 
acting on it is N r T a, and as this acts in the direction 
B n' at right angles to the radius, its moment about o o' is 
Vi*la. But we have a similar moment for every such 
little area into which the cross section may be divided, 
and to find the total torque we must take the sum of all 
such terms. Now n and t are the same everywhere, so 
that in taking such a suit, our only difficulty is with the 
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factors r*a. But the sum of all such terms as r*a is willed 
the moment of inertia of the section about the axis o o', and 
it has been calculated for us. Thus, if d is the diameter of 
a round shaft, the moment of inertia of its section about an 
axis through its centre at right angles to the section is 
ir d 4 -T- 32, and for a hollow shaft whose outside diameter 
is d and inside diameter d, the moment of inertia is 
* ( D 4_<;4) _|_ 32, and hence we see that the moment m 
necessary to produce a twist of t radians per inch in a 
round shaft of diameter D is 

m = itnti) 4 t32 (1), 

and for a hollow shaft it is 

M = TNT (D 4 -rf 4 )-!-32. 

Of course, one radian per inch is the same as 57° '2958 per 
inch. 

93. The strength of a shaft is to be calculated on the 
assumption that rupture occurs when the shear stress 
n r t mentioned above exceeds the greatest shearing 
stress to which the material ought to be subjected, and this 
occurs when r is the outer radius of the shaft or \ d ; that 
is, when/= J n d t. But from equation (1) we find that 
n t is 32 m ~- ir n 4 , and hence /= £ d x 32 m -r x d 4 , and 
this is the condition of strength of a cylindric shaft. It is 
more compactly put in the form — 

m = *- Jl ' for solid cylindric shafts, 

and in the same way we get 

m = ^ 6 ^ for hollow cylindric shafts, 

/ being the breaking shear stress of the material in pounds 
per square inch, m the twisting moment in pound-inches 
which will cause rupture, d the outer diameter, and d the 
inner diameter (if the shaft is hollow) in inches. 

We see then that the strength of a solid shaft depends 
on the cube of its diameter, whereas its stiffness depends 
on the fourth power of its diameter. 

94. The above demonstration is found to agree with 
experiment, but its results must not be applied except to 
shafts which are circular in section. Our assumption, 
which experience warranted, was that when such a shaft 
as a b, Fig. 46, is fixed at b, and when to an arm, c d, a 
twisting couple is applied, every straight line in a 
section remains straight and moves through 
the same angle as every other line. But it 




shear strain iit the point e is in the dire -tion r K ]>erpen- 
diculur to n i'. Lut ils amount, ..'hndi ..'■■ know to be or x 
angle of twist, be re|..-(-..<.nt.*d hy tin 1ltiv1.Ii of r K. Ii i» 
i'»iy tu show thiil. this is just the siiiiie ks u sht.nr stiain, v s. 
in the direction p n, normal to the surnico of the t-huft at 
;■. together with a shear strain in the direction r 
gentiiil to tie shaft at i 



But shear 




ilirrdiun ia always accompanied by a similai slr.iin 
plant, jit ri^ht .n.M-les !■■ ilns iHnr.lii'ii ('i'i: Art. S7j. - 1 - 1 
since we have the shear (J, wo must also have a i 
parallel to tho axis of the [iii_-.ni along I he surface .it r, 
this cannot ho produn.'d iiii.-itIv by a twisting moment. 
"We must imagine that .il'.iii.- with the twisting momeu* 
there is a force distributo-d over [he surface of tlie aluift t 
produce the above effects. The result of an exact 
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no external loads arc applied to them, let ub take a 
round bar of wrought iron perfectly annealed so that it 
has do internal slraina when nnloaded. Now let it be 
twisted until the outer portions get permanent set, and 
continue the twisting process until each portion of the 
material, from ■ ir ■umKmuv to centre, is strained beyond 
the limita of ftrnftifrly. When thia ia the case, the stress 
at every place is ths same as at every other, and it is easy 
to prove thai the total resultant couple or torque of resist- 
ance at a section is one third greater than it was when only 
t!i" nutcr portions had acquired this stresa. If now the 
twisting load be removed, it will lie found that the outer 
parts of the bar are subjected to negative strain, and ths 
inside to positive strain. If now the bur be subjected to 
any twisting load Lbm than that which wo removed, and in 
the same direction, ii will undergo no further change, will 
exhibit no further permanent set, and vet thia load may 
tie greater than !hf; load which originally produced a per- 
It will, however, lie found that half this 
load, if it twists the bar in the opposite direction, will 
produce permanent set. In fact, the bar in its new 
state has twice as much elastic strength to 
resist torsion in the one direction as in 
the other. It has two limita of elasticity for opposite 
kinds of twisting loads, and, if we are to avoid a new 
permanent set, we must take care that our twisting loads 
do not exceed these limits. Similar pi-inciplea operate in 
regard to beams, and in general the affects are more ob- 
servable than in shafts subjected to torsion. We can in 
thia way explain why it ia that s new beam or shaft takes 

since the process of manufacture may have given to portions 
of the material certain strains whioh they retain when the 
beam or shaft is unloaded externally. 

97. A shaft is usually subjected to both bending and 
torsion at the same time. The bending in due to its own 
weight, the weight of pulleys and wheels, and their 
driving forces. In a crank shaft it if, of especial import- 
ance to consider the combined effect, but in ordinary 
shafting it may be neglected, for the reason that in 
damgning a long line of ordinary shaf ting we really pay 
more attention to stiffness than to strength. Thus it 
will be found that the practical rule given in Art 91 allows 
a considerable margin of safety as far as mere strength to 
t torsion is concerned. In a long line of shafting, ii 
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the power is given off at various places with somo. 
irregularity, it may even become evident to the eye that 
the shaft is perpetually twisting and untwisting, for of 
course the twist is proportional to the horse-power trans- 
mitted if the speed is constant. When this is the case, 
although the shaft may be strong enough, 
it is not stiff enough. A very long shaft some- 
times gets into a state of torsional vibration just in the 
same way that the cage-rope of a coal-mine gets into a 
state of longitudinal vibration, due to this want of stiff- 
ness. The nature of this vibration will depend on acci- 
dental causes, and should the impulses that give rise to it 
happen to repeat themselves at proper intervals, the vibra- 
tion may go on increasing until the torsion at some place 
may be sufficient to produce rupture. In the same way 
a number of men walking from side to side of a large 
ship, just taking as much time in going from one side to 
the other as the ship takes to make a vibration, may 
intke the rolling dangerous. 
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98. In Fig. 56 c D is a beam carrying a weight. We 
know that the beam transmits the weight to the walls, and 
that in doing so the 
beam is kept in a 
strained condition; 
we must consider 
what is the state of 
strain in the beam. 
To observe this it 
will be well to take 
a beam which is very 
visibly strained, a 

beam of india-rubber. A B is its appearance when 
lying on the table, and you draw upon it a number 
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of parallel lines in chalk or pencil, a b, c d, e f, &c 
Now if you support the beam at its two ends, and 
load it. you will find that the lines a b 9 c d, <fca, 
remain straight, but they are no longer parallel You 
will find the distance a' c to be less than a c, but 
h' d is greater than b d. In fact, a' c is compressed, 
b' d is extended. You will find also that along the line 
e F there is neither compression nor extension, e' p' 
remains of its old length, although it is no longer 
straight. If you consider each cross section of such 
a beam you will see that the upper part of it 
is in compression, the lower part of it 
is in extension, and there is a place in 
the middle where there is neither com- 
pression nor extension. Fig. 57 is an 
exaggerated drawing of the small portion of 
the beam between two such cross sections. 
a c d b show3 its original shape, a c d b is 
its shape when strained. Evidently there is 
more compression at a c' than at I m\ The 
, compression becomes less and less as we come 
nearer G h, then the extension begins and 
, becomes greater and greater as we get farther 
»» away from g h until we get to b d\ where it 
Fig. 57. is greatest. If the material is likely to break 
in compression it will be most likely to break 
at a c. If it is likely to break in tension it will be 
most likely to break at b d'. 

99. If we know the tension or compression at any place, 
such as t' or ra', we can calculate what it is at any other 
place, for tlie strain is evidently proportioned to t/ie dis- 
tance from the middle. Thus if at c' there is a compres- 
sive strain of # 002, that is, there is a compression of O02 
foot for every foot in lengtk, then half-way between h 
and c' there is only a strain of O01. There is the same 
strain at the same distance below h, but it is now an 
extension. The material resists being strained in this 
way, And the pushing and pw\\m« forces which it 
exerts at the section c' d', "F\g. 5$, *** Y^ ^» Vswsa 
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required to balance all the other forces acting on 
part c' D F" t d. 

100. As c d t d U a body kept at rest by forces, 
wilier is no longer altering in sha]ie,it is to be regarded as a 
rigid body.* Now what are the laws under which it is kept 
at. rest ( The forces acting on it must satisfy two conditions: 
1st, they ought to balance, if they all be regarded asact- 
ing at one point ; 2nd, their turning m-msnls about iinii 
-point iiiiint bulti in-?-. It is ibis Kccntid condition wliiel) is 
more important just now ; the turning moments of all 
the pushing anil pulling forces im section c' d' sbout any 
point, and it is convenient to take 11 as this point, must 
balance the tumiiig 
moments of all other 
forces applied to 
«' D T 11 , Now we 
know what these 
other forces are; they 
are the weight w, the 
"weight of e' d t d 
itself, and the support- 
ing force at T ; their , 
resultant moment is ; 
called the bending i 
moment at n. You 
will generally find 
that the forces acting 
on the section are not 
all mere pushing and 
pulling forces. Thus in the model, Fig. ->S, which shows 
a beam fixed at one end and loaded at the other ; part of 
the material has been removed, and instead of it we have 
inserted a chain or link A, which is only capable of exerting 




* Id books on mechanics you may have read m 
ftnd the laws uf their Bquilibrium, anil you m 
such bodies had no eiisten-e ; but you most p 
regard a quantity of water, or a giiece of steel *] 
rigid lioJy fi>r the time being, if it is being note 
00 Jailer cham/hty its i/lape. 
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a pull, and a rod B, which ia only capable of exerting a 
push. It is found that two such forces acting on m n o f 
are not sufficient to keep it at rest ; we also need an upward 
force at si, whwh is equal to the weight w, together with 
the weight of m n o f itself. We see then that at such a 
section as 11 p of abeam we need pulling and pushing forces, 
not also to satisfy the first condition given abovt 
vlmt is called a shearing force at m p. At m f the bend- 
ing moment is w x o F, together with the weight ( 
11 n o f x tlie distance of its centre of gravity from M P. 
This is to be balanced by the pull in the chain A 
push in the rod n, for these are equal, multiplied by the 
distance between their lines of action. If a beam is long, 
the shearing force exerted by the material at a section of 
the beam is usually not so important as the pushing and 
pulling forces, and in many cases it is neglected. When 
a beam ia very 
short the shear- 
ing force becomes 
more important. 
10L We will 
now take a case in which there is only bending moment 
to be balanced by the material at a section. Let A 1 
(Fig. 59) be a strip of wood or metal originally straight, 
whose weight we shall neglect. Fix or solder to the e: " 
stout pieces of metal, and by means of cords and weight 
in any other way, exert coupes on 
these ends, as s own. Consider _ 
now the equilibrium of any por- 
tion, my a d b (Fig. 60). At 
the section C D we know that 
pulling and pushing forces must be exerted by 
;natrii;i] which exists at the left of c d on the material 
which exists at the right of c 1>, and the moments of 
these just balance the moment of the forces F and 
, and this is evidently the same at any section of 
le strip. The bending moment at any section if 
ie moment of the couple acting at either en,L 




Fig. SO. 



Chftp.XJ 



KKUTRAL AXI8 OF SECTIOH. 



105 



M +- 



Fig. 61. 



ns suppose this to be 20 pound-inches. Magnifying the 

section c b, as in Fig. 61, and representing the amounts 

of the pulling and pushing stresses by arrows, we see that 

as the sum of all the forces one way must be 

equal to the sum of all the forces acting the 

other way, and as the stress at each place is 

proportional to distance from o, the part 

where there is no stress is a line through o at 

right angles to the paper (called the neutral 

axis), and this must pass through the centre of 

gravity of the section. 

102. One has an instinctive feeling that this 
mnst be true, hut it is difficult to prove it 
without algebra. If p lbs. is the tensile stress 
per square inch at the distance one inch 
above o (or rather the line through o at light 
angles to the paper), then at the distance x 
inches above o the tensile stress is p x lbs., 
and at the same distance beneath o there 
is a compressive stress of p x lbs. If each little strip 
of area is multiplied by the pressure upon it per square 
inch, the sum of all the tensile forces ought to be equal to 
the sum of all the compressive forces. Thus, if a square 
inches is a very small area at the distance x inches from o„ 
then the sum of all such terms as p x a for places above 
o ought to be equal to the same sum for places beneath o. 
Hence, as p is a constant multiplier, the sum of all such 
terms as x a for places above o ought to be equal to what it 
is for places bent ath o. But this is neither more nor less 
than saying that the centre of gravity is neither above nor 
beneath o. In fact, the line through o at right angles 
to the paper, that is, the neutral axis, of the 
section, passes through the centre of 
gravity of the section. 

103. Now the force on any little portion of area is 
proportional to its distance above or beneath o, and 
hence the turning moment of this force about o is 
proportional to the square of this distance, but if every 
little area of a section is multiplied by the square of its 
distance from tJie neutral axis and the results added 
togetlier, we get what is called the moment of inertia of 
the section, hence tlie bending moment at a section is equal 
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and its length ia to the length of the neutral fibre as 
iw radius is to that of the neutral fibre. In this way 
we find tliat the nulius of tit'' nei/lr/il jihre is numeri- 
cally eipuil to the modulus of elasticity of the r, 
multiplied by the viomtnt of inertia of the aectttm, hk 
divided by the bending moment at the section, 

" in the stress ut une inch from the axis (see Art. 103), 
and a fibre all along the mil at one inch (rum the axis is 
extended proportionally to this stress. Its old length was 
Ciiiu drat, therefore Its extension of length ii 
(notion of a foot (see Art. 49), if E is the modulus o 
el ust jr.it y of the material. Every fibre forms thB arti of i 
circle. Now let r indies he the radius of the circle formed 
by the middle fihre, which is not strained, then r + 1 incl 
is the radius of tint fibre we have been considering, and ai 
their ends are in the same radii, we know that the lengths 
of the fibres are. pidpoi'tiiiniil to their ra'iii. The length of 
the unstiained fibre is 1 foot, and that of the extended one is 
1 -f- - feet, hence 

,„ + ..,m + !, 

from which wo find that r = - , the rule givenabove. But 
it is sometimes more convenient to put it in the form 
m = - , or u~e: x iiirvature of the strip, rod, or beam. 
(See Olossaky for definition of Curvature.) Now if tin. 
strip iu its natural unstrained condition luid been curved, 
instead of beinv straight-, ym would have found in exactly 
the same way that x = e i * change of curvature, or 
11 = 11 (- — -). if f'» was the radius of eunnti.re of the 
strip at sny plftoe when unstrained, mid r is its present 

Example. — A straight strip of tempered steel, 
inch broad, 0*1 inch thick (this represents the depth of s 
beam), is subjected to a bending moment of lltO ponnd- 
inches : find its radius of curvature. Answer : the 
moment of inertia of tin- section is 07 x '1 x "1 x '1 -r 12, 
:>r 0000383. The modulus of elasticity of steel ia, say 
30,000,000, and 36,000,000 x -0000583 -=- 100 givt 
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inches for the radius of curvnture uf the bent strip. 
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106. Silastic Curve. — If you take a straight uniform 
strip of steel and subject it to two equal and opposite 





CO 








forces in the same straight line, the strip will assume one 
of the forms shown in Fig. 64, which all go under a 
common name — the elastic curve. Now consider the part 
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4 a. Neglecting its o 
Fat B, nnd at p there a 
pi oduce balance. Tliere ia a force at p tending ti 

the steel, hut what is of more importance is the fact 
,t v produces a bending moment at p, and the amount 
the force x the distance P K. Now our strip is 
everywhere of the game material and section, and the 
only thing that can alter is its radius of curvature. 
This radius of curvature at any pluce we know to be 
greater when the bending moment is less, and less when 
the bending moment is greater ; in fact, the radius 
of curvatnre is inversely proportional 
o m e n t, and this really comes 
to the fact that the radius of curvature at any plat 
inversely proportional lo the distance P K. 

r= — *, or ~i> if f is the torn acting 

and !■■ do not alter, and hunee r x i> x = 
number. 

You can obtain the shapes shown in Fig. 64 in 
ways : first, by taking a straight strip of steel and 
forming the ojwratiun , secondly, by drawing the 
in a series of arcs of circles. Suppose we have calculated, 
as in the above example, that the modulus of eli.istii.-ity 
of the material multiplied by the moment of inertia of 
its cross-section is, .say, J(H), and suppose we know that 




the force acting 




is 3 inches. Take c 



10 lbs., then we know that the 
radius of curvature at P is equal to 
linO divided by the bending moment 
at P, which is 10 * P K, Ir 
radius of curvature at P is equal 
20 divided by p k. Choose now 
Fig. 65 the point c as the middh 
point in the strip. Suppose c d to 
be 4 inches, then the radius here 
5 inches, and with O as centre 
e. Join k and produi 
and suppose you find it 84 
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inches; divide 20 by 3*4, and we get 5*88 inches, 
and set this new radius off from e to o'. Take o' 
as a new centre, and describe the short arc e g of any 
convenient small length, and in this way proceed until 
the curve is finished. This is not a very accurate 
method of drawing the curve unless the arcs are 
very short, and small errors are apt to have magnified 
evil effects, but I know of no better exercise to im- 
press upon you the connection between radius of 
curvature of a strip and the bending moment which 
produces it. You are therefore supposed to have 
actually" drawn one such curve at least before pro- 
ceeding with your study of this subject 

107. Parts of these curves happen to be the shape 
taken by liquids, because of their capillary 
action, between two solid plates. They are 
also the shapes of the arches which are best 
fitted to withstand fluid pressure. Thus, 
for instance, in Fig. 66 the curved water 
from m to N is of the shape of the curve 
Fig. 64 e, from MtoN, the free water level EHEiZzE 
being the line ab; and in Fig. 67 the Fig. 66. 
middle line of the joints of the arch m to 
N is the same curve inverted. The water, whose pressure 

it resists, has as free 
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^^^^^^E5^^S?J@3r-S water level the line a a 
^f^^^^^ ^-B-^^ ^^^^^^ 108. When a strip 

H£E^^pii^^ l ^^i|^^§Er¥^ of elastic material is 
HE^pr ^^fcE^r. Den t> it not only alters 

'-^-W \n: its shape in the well- 

brM M ftr^ known way, but it alters 

~im J£=^ the form of its cross- 

.«. „ section. On the convex 

side of the strip the 
breadth becomes concave, and on the concave side 
of the strip the breadth becomes convex. It is very 
easy to try this for yourself on a broad strip of steel or a 
bar of india-rubber. - These saddle shapes of the surfaces 



iue to the fact that when each fibre is pulled it g 
thinner as well as longer (see Art. 56), ami when it i 
pushed it gets broader as well as shorter, and it i 
curious that this action should not interfere perceptibly 
with the laws of bending as I have giv^ii them to you. 

108ft. It may now be interesting lu consider the relation 
between bending and twisting. We ham seen (Art. 105) 
that a couple, h, applied to produce Lending gives a 
curvature * . Now i, the moment of inertia of a circular 
section about a diameter, is *-£-, bonce the curvature 
5 -i- ^-. We have also proved (Art. 92} that a couple, 
applied to pruiliicj livi-lius in a eylindric shnft, gives 
angle of twist * -f- "^-. 

Now, if, in the above cases, the lending and twisl 
couples are equal, we have (see Art. 80)- 

Angle of Twist __£__!_. I 

Curvature ~ 3* ~ 2a ' 8(o+«" 

Experiment shows that tor isotropic substances the ratio 
— lies between o and -=. Hence, ~- is always greater than 
nnity. Therefore, twist must always eicced bending when 
the couples producing them are eq 
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109. To be able to calculate the state of strain of 
a beam it is necessary to know all the forces acting on 
it from the outside ; these are the loads, which 
include the weight of the beam, and the supporting 
forces at its ends. If we know the loads, it is easy to 
calculate the supporting forces when a beam ia sup- 
ported at the ends. The load may be concentrated 
at one or more points, or it may be distributed 
uniformly over the whole or part of the beai 
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It may be a dead load or a live load. A dead load 
is one which has been applied very gradually, and 
remains pretty much the same for a long time ; a live 
load is one which has been more or less suddenly applied. 
Given the loads, we are always able to determine the 
supporting forces if there are only two, either by the 
ordinary rules of mechanics or by the graphic method 
described in Art. 143. When we know the necessary 
supporting forces at the ends of a beam, we can take 
care that there are suitable means of support for the 
beam. 

110. Methods of Supporting Beams. — In practice, 

whenever it is possible, the ends of a beam are not merely 
supported, but they are fixed by being built into brick- 
work or masonry, for it is known that fixing the ends 
strengthens and stiffens a beam very considerably (see 
Art. 1 23). Thus also the cross beams of a railway bridge 
are well fixed at the ends by means of bolts or rivets. 
Timber structures are always attached as rigidly as 
possible to their supports, and this is the case with 
all structures in which there is no fear of unequal 
expansion by heat. A long iron beam merely rests 
upon masonry or timber supports, without being rigidly 
attached, because the iron expands during the summer 
and contracts during the winter, more than the timber 
or masonry, and every facility must be given for re- 
lative motion due to these causes. Thus one end of a 
long iron roof-principal or iron girder generally rests 
upon a carriage or frame supported on rollers. 

111. The supporting force at the fixed end of a beam 
is often rather indeterminate, but if one end rests upon 
a carriage we may regard the supporting force there as 
being nearly perpendicular to the plate on which the 
rollers rest, and this supposition enables us to find both 
supporting forces (see Art. 148). In what follows my 
attention is mostly devoted to beams which are horizontal 
and arc supported by vertical forces at one or both 
ends. 




MECHANICS. 



Fig. 68. 

•ribed in Art. 143. 
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112. When beams carry loads they are not usunlij 
subjected to the same bending moment everywhi 
the shearing force is also dili'erent at different places. 
Take any simple case — for instance, a beam a B, Fig. 6S, 
supported at tlie ends, and loaded uniformly all along its 
length. ]f tho total load is 2,000 lbs., (hen each upward 
supporting force at a and n is 1,000 lbs. Now at any point, 
c, the bending moment is 1,000 x cb acting against the 
bunds of a watch round c, minus the load on the part 
c b multiplied by half the distance c B, Erect a, 
perpandienlar, c e, and make its length represent, on 
some scale, the bending moment at c. Do the same for 
a number of points, and by joining the ends of all 
the perpendiculars you will got a curve which sho - 

at a glance the bending 

everywhere. In Table IV, 

figures M m are diagrams of 

ing moment which have 

calculate! by the graphic method 

When the upper parts of sections 

a beam are hi compression, the bending moment 

usually measured from a ii upwards. When the upper 

of sections of a beam are in extension, the bending 

tomeut is usually measured from a a downwards. It would 

been difficult to give the bending moment in every 

to the same scale, as the greatest bending mom ' 

in case I. of the Table (p. 116) is twel ve times the greal 

bending moment in case VI, (p. 118). Hence, if 

regard the scale for case I. as 120 pound-feet per ii 

' scales for the other cases are 60, 30, 15, 15, 

pound-feet to the inch, 

113. Again, the shearing force ate (Fig. 68) is simpli 
the upward force at B minus the whole load on the part CB. 
Het oil' on the perpendicular at c a distance equal to the 
shearing force there ; do the same for other points, and 
draw a curve showing the shearing force everywhere. 
"fa know the shearing force at every section of 

l is very important in railway girders, because th» 
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lattice-work — that is, the struts and ties which connect the 
upper and lower horizontal booms — is proportioned to 
resist the shearing force. It is the same with the thin 
central web of a wrought-iron girder, if the girder is 
formed of plates of iron riveted together. But in small 
beams of cast iron Or timber, and even in wrought-iron 
girders that have been rolled in one piece, the web is 
usually made so thick that it is unnecessary to try if it 
is strong enough to resist the shearing force. 

114. To resist bending moment, only those parts of 
a beam which are far from the neutral line are of 
much importance — hence, in iron beams we have two 
flanges far apart con- 
nected by means of the 
web or by lattice-work. 
Thus, in Fig. 69, a is 
the usual section of a 
wrought-iron beam, and 
B of a cast-iron beam. 
The neutral line o o in 
each case passes through 
the centre of gravity of the section. All parts of 
the section below o o are subjected to tensile stress, 
all above o o are subjected to compressive stress. Because 
wrought iron will resist nearly as much tensile stress 
as compressive before it breaks, the two flanges of a 
are made equal in area. But inasmuch as cast iron 
will stand about 4 \ times as great compressive stress 
as tensile, the tiange c c, subjected to tension, 
has about 4£ times the area of d, which is the com- 
pressed flange. Thus, the total breaking stress on one 
of the flanges is equal to the total breaking stress 
on the other. Suppose the area of a flange is 10 square 
inches, and its breaking stress is 50,000 lbs. per square 
inch, then the total breaking stress on this area is 
10 x 50,000, or 500,000 lbs. If, now, the distance 
between the centres of gravity of the two flanges is two 
feet, we can say that the bending moment which will 
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destroy the beam if it acts at this section is 500,000 X 2, 
or 1,000,000 pound-feet. 

115. When much of the material has been left near 
the middle part of the section, as it is in ordinary timber 
beams, it is not so easy to make the calculation, for 
although much of the timber is in a position where 
it is but little capable of resisting bending moment, 
yet it does resist to some extent. Again, in iron 
beams it is usual to shape them everywhere so that 
those sections where there is but little bending 
moment to be resisted are made with smaller flanges, 
or else flanges which are nearer together. If we have 
a diagram, such as we see in the various cases of 
Table IV., showing the bending moment at every 
part of the beam, we simply vary the section,- so 
that it is just capable of resisting the bending moment 
which acts there. Now, timber beams, as a general rule, 
are everywhere of the same rectangular section. There 
is one place, the place of greatest bending moment, 
where such a beam is likely to break ; we therefore 
calculate the size of the section to with- 
stand this greatest bending moment. 

116. Suppose we take a certain beam which has every- 
where the same section, and we load it in various ways. 
Thus, the load may be hung from one end of the beam, 
the other end being rigidly fixed, say by being built into 
a wall. When we say that the end of a beam is fixed, 
we mean that it is rigidly held in position, whereas when 
we say that a beam is supported at its ends, we mean 
that it is merely held up there. In Table IV. six ways 
are shown in which the same length of beam is supposed 
to be loaded. The total load is supposed to be the same 
in every case, and the length from a to B is supposed to 
be the same. Then, we see that when the beam is fixed 
at both ends, and the load spread over it, it is 12 times 
as strong as when one end is fixed, and the whole load 
hung from the other end. This means that if, with the 
beam fixed at one end, a load of one ton, hung at the other 
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■nil, is working load, then, when fixed at both 
.lie load spread uniformly over it, the satuo-s 
wil] carry 12 tons. Hence, if experiments are made on 
the strength of the beam when loaded in any of these 
ways, we know what its strength ought to be when 
loaded in any of the other ways. Now, a great many 
experiments have been made upon l>eams of rectangular 
section, supported at both ends and loaded m the middle, 
the third case given in the Table ; and from these experi- 
ments we know how to find the load which such a beam 
will carry. Having found this, we know that when loatle 
and supported in a different way, the beam will carry moi 
or less according to the numbers in the column headi 
Strength The ride which has been deduced from expi 
merits on beams whose sections are rectangular is this 

A beam supported and loaded in any of the ways 
shown in Table IV. will break with a total load which is 
found by midtipli/iwj ttit/':th?r I.I,-, breadth of the section 
in incites, the squaw of tin', tkpth in inches, tlie r 
culled nii-'-iu/th in T'lhh IV., the number called st 
in Table VI., ami dividing tlte product by i/ie length 
the beam, A b, in feet. 

Example. — A beam of English oak, 20 feet loi 
9 Inches broad, 12 inches deep, is fixed at the en 
What load placed in the middle will break it 1 This 
case V. of Table IV,, and the relative strength is givi 
as 2 in the same Table. Opposite English oak, in Table 
VI., we find the number 557 ; and hence, 9x12x12 
x 2 x 557 -f 20, or 72,1S8 lbs., or more than 32 tons, 

117. Suppose the breaking load on a beam of timber is 
found to be 32 tons, you would follow the usual practice 
if you really never placed 011 it a loud of more than 
8 tons. Thus, yon divide the breaking load by 4 to 
get the safe load, or the working load. This number 4 
is called a factor of safety. The usual factors of safety 
employed in structures generally are given in the follow- 
ing Table:— 
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TABLE V. 
Factors of Safety. 







A Dead Load, 


Material. 




or one that 

does not 

alter. 


Wrought Iron 


I 


8 


and Steel 


Cast Iron . . 


• 


3 


Timber . . . 


• 


— 


Brickwork . . 


• 


— 


Masonry . . 


• 


20 



A Live Load, or one that altera. 



In Tem- | In P«»r- 

porary i manent 

Structures. Structures. 



4 


• 

4 to 6 i 


4 

4 


5 

10 

6 

20 to 30 



In Struc- 
tures sub- 
jected to 
Shocks. 



10 

10 



118. You must specially remember that it has been 
found by experience that if we have beams of the same 
material of rectangular section loaded in the same way, 
tlie strength is doubled if we double the breadth of tlte 
beam or halve its length ; but if we double the depth) we 
increase tlte strength four times. 

TABLE VI. 
Beams Supported at the Ends' and Loaded in the Middle. 



Nature of Material. 


Strength. 


Deflection. 


Teak .... 


820 


•00018 


Oak 






450 to 600 


•00044 to -00020 


English Oak . 






557 


•0003 


Ash 






675 


•00026 


Beech 






518 


•00031 


Pitch Pine 






544 


•00035 


Red Pine . 






450 


•00023 


Fir . 






370 


•0005 to 0002 


Larch 






284 


•00041 


Deal 






600 


•00023 


Elm. 






337 


•00061 


Cast Iron 






2540 


•000024 


Wrought Iron 




3470 


•000016 


Hammered Steel 




6400 


•000013 



The uumhers given in this Table are merely the 
average values foiuid by various experimenters. You 
may wish, however, to lint I for yourself whether they 
are correct or not. You are designing a beam of pitch- 
pine, say ; then take a rod of pitch-pine, 1 foot long, 
1 inch broad, 1 inch deep; support it at the ends, and 
load in the middle till it breaks; the Table says that the 
load will be 514 lbs.) but you may lind it to be more 
ur Ichsj than this. Remember also that it is 
near the middle that your beam is likely 
to break; this, then, ought to be the soundest and 
most evenly grained p;irt of the timber if possible, and 
tin- specimens which yor. try ought to be as nearly as 
possible the same kind of timber. 

119. When a beam is loaded in any way, you know 
bow to find the bending moment at any place, and if yon 
know the modulus of elasticity of the material, and the 
moment of inertia of the section, you can find the 
curvature of the beam. You may draw a bent beam, 
then, in the same way as you drew the springs of 
Fig. 64, but the beam is so little curved usually that you 
will have difficulty in getting compasses long enough. 
In this case it is usual to diminish alt the radii in some 
large proportion, remembering that the deflection, of your 
beam as you draw it is increased in this proportion. 
For a beam fixed at one end and loaded at the other you 
would get a curve just like the portion s t in Fig. 64 e, 
B being the fixed end and t the loaded end. 

120. The important thing to know is the deflection 
Of a beam — that is, lite greatest yielding of any part of it, 

It ran be proved mnlli'-TH i!i.nih\ fn.'in what has been 
given in Art. 10.5, that if i< is (Ik- delicti iuii of u beam whoso 
Cross section is the ehihc ev.rynlaie, w the load, L 1 ho 
length, I tbo moment of inertia of the seclim), and E the 
modulus nf elasticity, and if (til these are in inthca and 
pound*, nr in any other units so long as they are all in the 

iii for a beam fined at. one end sod loaded it 

— fil the other. 
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D ■» - WL * ^ or a heam fixed at one end, and loaded 
8 3 k i uniformly. 

___ 1 wl» for a beam supported at the ends and 
16 3 e i loaded in the middle. 

d = - — — 8 * or a ^earn supported at the ends and 
8 Id 3 k i loaded uniformly. 

The third of thesis formulae is the one most needed. It is 
by means of this formula that the modulus of elasticity is 
generally determined. Thus in careful experiments with 
an iron beam, 1 inch broad, 1 inch deep, carried on supports 
24 inches asunder, suppose we find that a load of 2,000 lbs. 
produces a deflection of one-quarter of an inch. Now 

i for the beam is lxl * lxl , or i. The third formula given 

above becomes -25 = ±r 2030x24x24x24 ^ ^^ ^ ^ 

lO O E X -ft 

find that e is 27,648,000 lbs. per square inch. 

Again, taking the fifth of the cases shown in 
Table IV., I find that 660 lbs. produced a deflection of 
0'22 inch in a beam of wood 24 inches long, 1J inch 
square. Here i = 1*75 x 1*75 x 1*75 x 1*75 4- 12, or *781, 

and -22 = ^ — * K x X, "8l — » * rom w -^ cn we A™* tna * B *■ 
938,656 lbs. per square inch. 

Again, from Table VI. we see that a beam of teak 
12 inches long, 1 inch broad, 1 inch deep, gets a deflection 
of '00018 inch for a load of 1 lb. Here the moment of inertia 

of the cross section is .- and -00018 = ,-„ l JL* * ****** fr 0m 

12 16 Sex^ ' 

which we find that e for teak is 2,400,000 lbs. per square 
inch. 

121. Take a small beam, A B, Fig. 70, supported at the 
ends, and load it in the middle. Measure carefully the 
deflection or lowering of the middle point This is 
called the deflection of such a beam. Now this distance 
will usually be small, and so you had better magnify it 
by letting the stiing c w pass over the little axle k, which 
carries a long pointer. This pointer will show on the 
scale P K a magnification of the deflection. You will find 
that the more load you place at c, the greater is the de- 
flection; and in fact that the deflection is proportional 
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to the load until your loads become great enough to 
produce permanent set, when (Art. 52) the deflections 
increase mun- rapidly than the. load. If now you use a 
beam of the name material but of double the breadth, 
then for the same load you will get one-half the 
ledectiou. If you use a beam of double the depth, thi 




_ 

deflection. Also, if you double the len.™th of your b 
using the same load, you will get eight times the old 
deflection. A very instructive series of experiments 
may be made very easily in this subjeet, and you will 
not thoroughly understand the matter unless you make a 
few such experiments. It is found that a beam of pitch 
pine, 1 foot long, 1 inch broad, ami 1 inch deep, sup- 
ported at its two ends and loaded in the middle, is 
deflected '00035 inch by a load of 1 lb. This expla 




v,bap. XL] STIFFNESS OF BEAMS. 125 

the numbers given in Table VI. It is found that if the 
game beam is fixed at one end and loaded at the other 
(first case of Table IV. ), the deflection is 16 times as 
great, whereas if the beam is fixed at both ends and the 
load is spread uniformly (last case of Table IV.), the 
deflection is only '125, or one-eighth as great. This 
explains the " deflection " column of Table IV. 

122. The rule, then, to find the deflection in inches of 
any beam loaded in any of the ways shown in Table IV. 
is this : — Multiply togetlier tlie cube of tlie length in feet, 
the total load in pounds, the number called deflection 
in Table IV., arid the number called deflection in 
Table VI., and divide the product by (lie breadth 
of the beam in inches, and by the cube of the depth in 
inches. 

Example. — A beam 20 feet long, 10 inches broad, 15 
inches deep, of pitch pine, fixed at one end and having 
spread all over it a total load of 4,000 lbs. — what is its 
deflection % Here the number in Table IV. is 6, and in 
Table VI. it is -00035 ; hence we have 20 x 20 x 20 x 4,000 
x 6 x '00035 divided by 10, and again divided by 15 
times 15 times 15, which gives as answer 1*99 inch. 
The end of the beam would be deflected this distance. 

123. A beam is said to be stiff if its deflection is 
small, and we say that the stiffness of a beam supported 
and loaded in the various ways shown in Table IV. is for 

the various cases £, \, 1, 1-6, 4, 8. In fact, a beam of 

a certain length carrying a certain load is 128 times 
stiffer when it is fixed at the ends and loaded uniformly 
than when it is fixed at one end and loaded at the other 
end. 

It is well to remember that when we 
double the breadth of a beam we double 
its strength and also its stiffness, but if 
we double its depth we get four times 
the strength and eight times the stiff- 
ness. Beams required to be very stiff ought to be 




very deep. Care must be taken, however, that tliey a 
laterally sup]HjrU'd, else they will buckle. If you double 
the length of a beam you get half the strength, but you 
only get one-eighth of the stiffness. 

124. What about beams that are not rectangular ir 
section 1 Suppose we have a beam of the same section 
everywhere, whose strength and stiffness we know, 
and suppose we want to know the strength and stiffness 
of another beam which has the same form of section — 
that is, suppose the new section is such that all the old 
Literal dimensions are increased in a certain ratio— then 
the strength and stiffness i 
the old vertical dimensions t 
ratio, then the strength i 
ratio, and the stiffness i 
ratio. The effect of change of length i 
as it was with rectangular beams, and h 



this ratio ; if all 
increased in a certain 
the square of this 
the cube of 
lust the si 
iow the effec 



Fmiii Ada. 103 und 1 12 it is evident that the load whict 
a beam will carry withnut tirrukiiur is proportional to tt 
ttrength madulut of its section divided by Ihe lentrlh i 
the beam. The deflection of the beam is proportion! 
to the load niultijili.d by the cube of the length, iiviilr- 
by the moment of inertia ef the cross section. 

125. At the Imperial College of Engineering, i 
Japan, we had a testing machine with which I have n 
i great many experiments with my students. It 
Teased the load on a beam at a uniform rate, i 
registered the load and deflection of the beam at e 
instant — that is, it drew a curve, each point of whici 
showed the deflection and the load which produced i 
Mr. George Cawley, instructor in mechanical enginen 
ing at the college, lii-liogriijihcd a number of three cur 
taken by himself; and although the experiments v 
made on Japanese wood, so that the actual amounts 
: load and deflection are not of general interest, yet 
i shapes of the curves are so interesting as to be 
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worthy of publication. With only one exception, two 
beams were broken and two curves taken for each 
kind of wood The mean of these two curves has lieen 
given in Fig. 71 — that is, a curve lying between the 
two. The specimens were all free from knots. They 
were all 28 inches long and 1 J inch square. The distance 
w represents one ton, and the distance o D represents a 
dellection of 2 inches, so that the scale of the diagram 
i* known. The load was in each case added to at a 
uniform rate, beginning with o, and the rate at which 
it increased was one ton in two minutes, and we see from 
the figure that practically only in three cases did the 
breaking of the beam take more than two minutes. 
The end of each curve shows where the specimen broke ; 
it is easy to Bee where the curve ceases to be a straigl 
line — that is, where the law, " Deflection is proportii.i 
to Load," ceases to be true ; and this point is 
the elastic limit. In *ome cases the load correspond! 
to the elastic limit is less than half the breaking loa 
and in some cases greater than this, but usually it way I 
seen that it is about one-half. 
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126. Stress over a Section. — When any portior 
column or beam or arch on one side of a section, b c, ii 
acted upon by loads and supporting forces, we can 
generally hud one force, representing the resultant of the 
stresses at the section, which will ualaiico them alL If, 
instead of a force, we merely get a couple, then the 
section is exposed Solely to bending moment, and ' 
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know now how to find the effect of this. If the force ia 
parallel to the section, then we know that the section 
is either exposed to mere shearing strain or shearing and 
bending, as in a horizontal beam with vertical loads ; but 
if the force is inclined to the section, there wUl usually he 
shearing and bending, and besides this a uniform distribu- 
tion of compression or extension all over the section. In 
practice we generally find that com- 
pression and bending alone 
have to be considered. Thus, 
if B c (Fig. 72) is the edge view of the 
section of an arch ring, and if p p is the 
resultant force in magnitude and direc- Fi _ ^ 

tion, and if o represents a line through 
the centre of gravity of the section at 
right angles to the paper ; then p k the resolved part of 
pp parallel to bo is the shearing force which must 
be resisted by the section, p k x o p is the bending 
moment at the section, causing the parts between 
o and B to be compressed, and the parts between 
o and o to be extended. But besides this we must 
suppose the compressing force fk to be distributed 
over the whole section. This will increase the com- 
pression over the part o B, and will diminish the 
tension over the part oc, ^ hich mere bending would 
have produced. 

127. Thus, in Ail 103 we saw that o b . " oy , where i 

is the moment of inertia of the section about the axis 
through o, is the compressive stress at b, due to mere bend* 

ing moment, and to this we must now add — if A is the 

area of the section. Hence, the resistance to crushing of 
the material per square inch must be greater than 

_ _ IF-Of . TW 
OB.-y- + T . 

Of coarse the tensile stress at c is 

• „ irot if 
00. -p- - T . 
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If the section ii of such ■ nature tint wo never wisb. 
any portion of it to resist tensile stress, this second eiprcs- 



a resist tensile stress, this second ei]>rce- 
■n must be 0, or lest than 0. Thia is usually assumed to be 
tan case in stone or brick bridge and it is easy to show 
that if the section is rectangular it leads to the general 
condition thai o r ought never to be more than one-third 
of <> a or o c : in fact, that the reanltaiit force p r must 
fall within the middle third of every joint of the stone 
work. If it falls outside the middle third of the joint, 
jou will have to depend on the resistance of the cement of 
l ill' joint to tensile stresses, and this is not usually re 
h .1 ndk thing to In. 



}- regarded 
too easily 



1128. Struts and Pillars. — I disposed much too e 
of this compression of a strut in Chap. VL At short 
distances from the ends of a bar subjected to pull, the 
tensile stress is pretty uniformly distributed over the 
cross section, and whether the bar is long or short thi- 
material has nearly as much freedom to get uniform 
tensile strain in one case as in another. But this is 
ilitl'erent in struts. If a strut is long it breaks by 
bending; if it is just so short that we know there 
is no bending, the load per square inch that will 
break it may be taken as representing its resistance 
to crushing; but even this is not such a resistance 
as a cube of the material would offer. If we take 
a much shorter column, say a thin disc, the way in 
which the load is applied may be such as to prevent the 
lateral spreading which always accompanies compression, 
and a much greater load is required to crush the 
malarial than might have been expected. If a number 
of specimens of cast iron are taken one quarter inch 
Bquare, the first being a cube and the last being 1 inch 
in length, it will be found that the load which they 
will support diminishes gradually from 72 tons per 
i inch to 45 ton* After a certain height in 
the rupture seems to be produced rather by 
diding along an oblique section than by mere crushing 
'i a cross section. 
129. When a strut or column is of considerable length 
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it usually bends before it breaks. Professor Gordon 
designed a formula based on this assumption which 
fairly well represents the results of experiments, and 
although it is known not to satisfy the facts of the 
case so well when elastic strength has to be considered, 
yet it is so easy of application, and is, on the whole, so 
correct, that I give it in preference to the more correct 
rule, based on the theory of Euler, which . — 
will be found in Professor Unwin's LZ 



in 
" Machine Design." 

Usually the total load divided by the 
area of cross section is regarded as the 
stress on the material, but by Art. 126 we 
see that to this must be added the stresses 
produced by such bending as the strut 
undergoes. The result is that the stress 
on the strut as usually calculated must be 
increased by a fraction of itself which 
depends on the square of the length of 
the strut divided by the moment of 
inertia of the cross section regarded as 
the cross section of a beam. The practical rule becomes 
then — For a strut whose ends are hinged, or a column 
whose ends are not fixed, as A, Fig. 73, the breaking 
load in pounds is equal to the breaking stress per square 
inch given in Table VII. multiplied by the area of cross 
section in square inches, and divided by 1 + n B where n 
is given in Table IX. and B is given in Table VIIL 



A B 

Pig. 73. 



TABLE VII. 



Cast Iron 
Wrought Iron 
Timber . 



Breaking Stress, in pounds 
per square inch. 



80,000 

36,000 

7,200 
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TABLE YIIL* 

Value of b for struts of the sections shown in Table IX. The first 
column gives the length of the strut divided by its least lateral 
dimension. 



Length divided by 


Bfor 


Bfor 


Bfor Strong 


Lateral Dimension d. 


Cast Iron. 


Wrought Iron. 


Dry Timber. 


10 


0748 


0132 


1- 


15 


1-68 


0-300 


3*6 


20 


3-00 


0-532 


6-4 


25 


4*64 


0*832 


100 


30 


6-76 


1-200 


14-4 


35 


9*20 


1*632 


19-6 


40 


12-00 


2*132 


25-6 


45 


18-72 


3-332 


400 



TABLE IX. 

Values of n for struts and pillars of the following sections :• 



Square of side d, or rectangle with smallest 
side d , 



Hollow rectangle, or square with thin sides 



Circle, diameter d 



Thin ring, external diameter d . 



* • 




Angle iron, smallest side d 



• • • 



X I roo 



Cruciform, smallest breadth d . 




8-00 



* Modified from Professor Fleeming Jenkin's article on Bridge* In 
the " Encyclopaedia Britannica." 
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If we want the breaking load for a strut whose ends 
are not hinged, it is necessary to find in what way it 
tends to bend, and to use the above rule regarding 
the strut as hinged at two points of contrary flexure. 
Thus in Fig. 73 the strut or column b is as strong 
as a strut hinged or rounded at both ends, whose 
length is only a b. The rule becomes — For a strut fixed 
at both ends, calculate by the above rule, but take n 
one fourth of what I have given in Table IX For 
a strut, one end of which is fixed and the other is 
only hinged, calculate the breaking load as if both 
its ends were hinged, then calculate as if both its 
ends were fixed, and take the mean value of the two 
answers. 

130. The Teeth of Wheels.— When toothed wheels 
drive each other, their teeth tend to break like little beams 
fixed at one end. It is usual in considering their strength 
to regard the pressure between two teeth as acting at 
a corner, because this may accidentally occur, and it is 
the most trying condition. There are usually two pairs 
of teeth in contact at once, so we consider that only half 
the total horse-power has ever to be transmitted by one 
pair of teeth. This transmitted horse-power, multiplied 
by 33,000, divided by the circumferential velocity of the 
wheel per minute, is of course the pressure in pounds 
which each tooth has to withstand. Imagine the tooth 
to tend to break at a section making 45° with the depth, 
just as we know it would break if the corner were struck 
smartly with a hammer. This consideration leads to the 
rule, that the pitch is proportional to 
the square root of the pressure, 
divided by the greatest safe stress per 
square inch to which the material may 
be subjected. 

13L Flat Plates. — A plate, round or square, either 
merely supported or firmly fixed all round its edge, 
will carry a total load uniformly spread over it 
which is simply proportional to the square of the 
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thickness, and is not dependent on tie area of t 
plate. Fixing the edges adds a quarter to the strength. 

132. Similar Structures Similarly Loaded- 
girder is loaded mainly by its own weight, then any other 
girdrx made to the same drawing but on a different scale 
would bo a similar structure similarly Wded ; and this in 
name given to nil structures mid" from the same 
drawings but to diflere'it scales, if their loads are in 
the same proportions t'i '.he weights of the structures 
themselves. It will be found that in all eases the stress 
a! similar places is proportional to the size of the struc- 
ture — that is, the weakness of tho structure 
is in direct proportion to itB size. 

This is easily seen if we imagine the structure to be 
h a simple one as a rod, A, Fig. 74, carrying a weighty 
hall, W. If there is another such arrangement, 
of twice the size Li every direction, the area 
of cross section of the rod would be four times 
as great, but the load to be carried would 
be eight times as great,, and therefore the 
stress per square inch at a section would be 
twice as great — that is, the larger rod and ball 
would be twice as weak. As the stress would 
lie twice as great and the length (if the rod 

©twice as great, the extension would be four 
tidies as great The extension of the rod 
per foot in length would only be twice as 
Fi 7*. 8 rea k 1" *' Le sa-me way a beam of cast 
iron, 1 inch square and 1 foot long, is 1,700 
lames too light to break with its own weight, whereas a 
lieum of cast iron whose length, breadth, and depth are 
in the same proportion, if 1,700 feet long and 1,700 
inches square in section, would break with its own 
weight. The deflection of similar beams 
similarly loaded is proportional to the 

deflection per foot of length is oi 
proportional to their dimensions. 
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CHAPTER XIII. 

GRAPHICAL STATICS. 

133. The basis of all applications of mathematics in 
Physics and Engineering is the fact that any physical 
phenomenon which is directional (such as a force, a 
velocity, an acceleration, a stress, the flow of a fluid, <fcc.,) 
may be represented in a most perfect manner by a straight 
line. The general application of the geometry of the 
straight line to all physical calculations is a science 
called Quaternions, and it certainly is not my object to 
teach you any of the methods employed in this study 
to denote the relations of Jines to one another. Bat 
with a box of drawing instruments and a sheet of paper, 
it is easy, by actually drawing the lines and measuring 
lengths, to solve many problems which would otherwise 
require a considerable knowledge of mathematics. This 
sort of graphical calculation having proved useful, it has 
attracted the attention of men who have leisure enough 
to make an elaborate study of its methods. It has unfor- 
tunately been dignified with the name of a new science. 
It has become a complicated weapon with which these men 
can attack all sorts of problems which are much more 
easily solved in other ways ; and the result is that, instead 
of our having a few useful pages anywhere devoted to the 
subject, we have large treatises, adorned with numerous 
steel engravings, whose complications of lines frighten 
the student. It has been the same with many other 
useful processes ; a few persons devote their attention to 
them and find that they are all-powerful, and every 
writer on the subject thinks it his duty to show how all 
sorts of problems are attacked. For instance, how few 
workmen know how to divide or multiply numbers or 
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oc extract square roots by means of the slide rule 1 
it few educated engineers, erven, are able to make use 
The owner of the instrument shop in which it 
sold is seldom able to explain it* use. It is known 
t very complicated problems can be worked out 
if, bat it is also known that to learn the working 
these would require more time limn it is north while 
devote to them, and, besides, they would be readily 
whereas it is not sufficiently well kno' 
really useful processes of the slide rule 
taught to any man in a few minntes. 
134. I shall begin this subject of Graphical Stal 
by giving some definitions, and indicating some pro- 
positions which can he proved by actual drawing. I 
shall speak of forces, because you hare been accustomed 
to treat forces in the following way. I should have 
preferred merely to talk of lines, and 
these lines stand for any directional phyi 
property. 

135. Forces Acting at a Point.- 
line A B (Fig. 74a) represents a £c 

by its own direction, in am 
by its length to any scale we please, an 
sense by its arrow-head, which shows 
the action of the force is from a to b 
iuld not be correct to call this the 
force b a, because this is opposed lo 
the sense of the arrow-head. The. 
forces a o, o b, o c, od( Fig. 75), all 
act upon a small body, o, or their 
lines of action when produced all pass 
"i a point, o, in a large rigid 
The amount of each force is 
shown hy the length of the line, repre- 
senting it to some scale of so many 
pounda to the inch. Now to add these 
forces together in the moat perfect man 
a force called their resultant, which slia 
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lent in its effects to all the above forces acting together — 
we draw a polygon (Fig. 75a). Each side of this polygon 
is parallel to and proportional to a force in Fig. 75 ; thus, 
the side A corresponds to the force a o, and the arrow- 
heads agree, and lastly the action indicated v. 
by the arrow-heads is concurrent from a V^tL 
round to D. Fig. 75a is always called The X ^^ 
Force Polygon. When it is unclosed, as it 3^^ 
is in the present case, we know that the ^^\f'y 
forces A o, &c. (Fig. 75), are not in equi- \y 

librium. To keep ao, ob, <fcc., in equilib- p . 75a 
rium a new force, called the equilibrant (see 
Glossary, Art. 21 8), must be introduced corresponding to 
the side e (shown dotted), which will close the polygon, its 
arrow-head being concurrent with the others. Now if we 
want the resultant of A o, o b, o c, o D, it evidently acts 
through o and corresponds to E, Fig. 75a, but with arrow- 
head reversed. The resultant of a number of forces is 
equal and opposite to tlieir equilibrant. 

Prove now the following propositions by actual 
drawing : — 

1st. The resultant of any number of forces does not 
depend on the order in which they are drawn as sides of 
the polygon. 

2nd. Any lines or forces whatever which form a 
closed polygon in any given order will form a closed 
polygon if drawn in any other order. 

3rd. In adding forces we may first find the resultant 
of some of the forces, and then add together this resul- 
tant and all the rest of the forces. The answer will 
always be the same, however we may group the forces 
before adding them. 

136. The Link Polygon. — We shall now consider 
forces which do not necessarily act through one point. 
Take, for example, the forces 1, 2, 3, 4 (Fig. 76). Draw 
the unclosed force polygon 1', 2', 3', 4' (Fig. 77) with its 
sides parallel to and proportional to the forces, and the 
arrow-heads concurrent. Now the dotted line b a, 
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with its arrow non-concurrent with tho rest, is parallel to 
and proportional to the resultant of all the given forces. 
But this does not tell us where the resultant force is 
situated, although it tells us its direction and amount. 

From any point, o (Fig. 77), draw a line to the junc- 
tion of r and 2' (it is easier to say draw the line o 1' 2'), 





Pig. 76. 



o 2' 3', &c, to all the angles of the force polygon. Now 
construct a new unclosed polygon, with its corners on 
1, 2, 3, 4 (Fig. 76), and its sides parallel to o 1' 2', o 2' 3', 
&c. (Fig. 77), its last side being parallel to oa, and its 
first parallel to 06. We have now found the point, 5 
(Fig. 76), where the first and last sides of the link poly- 
gon meet The resultant of the forces 1, 2, 3, 4, passes 
through this point, 5, and corresponds to the closing side, 
ba, in direction and magnitude. The new polygon is 
called the link polygon of the forces relative to the 
pole, o. The position of A, the point at which we start 
to draw the link polygon, may be chosen anywhere, and 
hence there may be any number we please of link polygons 
for a given position of the pole, o. Again, there are any 
number we please of link polygons corresponding to any 
other position of 0, and we can choose o where we please. 

Suppose we find that when we are given the forces 1, 2, 
3, 4 (Fig. 78), and we draw the force polygon (Fig. 79), and 
any link polygon (Fig. 78), that these are both closed, let us 
prove that the forces are in equilibrium. 

A system of forces acting on a rigid body is not affected 
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by introducing any number of forces which separately 
balance one another. Now let a force represented by the 
length of the line o 1' 2' act at the point a in the direction 
b a, its sense being shown by the arrow-head near a, and 
let an equal force act at b in the direction a b, its sense 
being opposite to that of the force at a. These two forces 

are in equilibrium with one another, 
i2 ' and they cannot therefore affect the 





original system of forces in any way. Similarly, the forces 
shown by the arrow-heads in b c, c d, d a are introduced 
every pair balancing one another. 

Now we see that the three forces at the point A are 
in equilibrium with one another, because they are parallel 
to and proportional in amount to the sides of the triangle 
o m n (Fig. 79), and corresponding arrow-heads would run 
right round the triangle. Similarly, there is equilibrium at 
every other corner of the link polygon abcd; hence all the 
forces are in equilibrium, and hence the forces, 1, 2, 3, 4, 
taken by themselves, must be in equilibrium. 

The theorems which we wish students to prove by 
construction can be proved to be generally true, reasoning 
from the fact that a number of forces acting at a point 
can only have one resultant. 

137. We see, then, that the force polygon alone is 
sufficient to find the resultant of any number of forces if 
the forces meet at a point, but we need also the link 
polygon if the forces do not meet at a point. 

The link polygon really shows that the sum of the 
turning moments of the forces 1, 2, 3, 4 (Fig 76) about 
any point is equal to the moment of the resultant about the 
same point. The force polygon pays no regard to turning 
moments of forces; it merely tells us about the resultant of 
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138. You ought to test the troth of the folio-wing 
tatements by actual drawing : — 

1st. The determination of the resultant of any 
mber of forces is independent of the order in which 
we draw them in the force polygon and draw between 
them the sides of the link polygon. 

2nd. In adding forces we may first find the resultant 
of some of the forces, and then add together this resultant 
and all the other forces. The result will always be the 
same, however we may group the forces before adding 

3rd. If the force polygon of a number of forces 
is closed, and if we can draw a closed link polygon, 
then all the link polygons we may draw will also 1 
closer I. 

4th. If any other pole be taken in Fig. 77, 
another link polygon be drawn and a new point 
(Fig. 76) is found, both of the points so found lie ii 
straight line parallel to 6 a of Fig. 77. 

You will also find, and it ia easy to prove, that the 
locua of the paint in which any two aides of tho link 
polygon meet ia parallel to the line which closes the 
corresponding portion of tho force polygon. Again, if S is 
taken rn pole instead of o, the last aide of tho link polygon 
ia found to 1* in the direction of the resultant of the .forces 
1, 2, 3, 1 ; and, generally, any side of the link polygon ifl 
the direction of tho resultant of the corresponding number 
of the given forces. Thus, if A is taken as poll ' ' 
would become tho resultant of the forces 1, 2, 3, 

I! 1 In! u* ill'- Ti-siiltaiit "f the forces 1, 2, 3. It ia e 

from this dull the diruetiiui of tho resultant of any twi 
lines or of any number of linos which meet at a point 
posacs through their point of intersection. 

A system of forces may not reduce to a resultant force, 

bnt ho equivalent to a tot/pie. When this is the case the 

force polygon is closed, and the first und last aides of an; 

if«»fc ,.r.i»,.. n v» i\* a t T...,.r i^ r , <i^ rt «,„ „™ parallel to one another. 

Ie to prove by construc- 

polygons are drawn fu 
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lent 
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oint 



link polygon I hnl may be draw 
You may also liml it north vuu 
thin this statooitut; If two link 
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positions of the pole o, the corresponding sides of the two 
polygons meet in points which lie in a straight line 
parallel to the line joining the two positions of the 

18V. If you have been able to make a few drawings each 
as I have been speaking about, and so take an interest in this 
easy and instructive method of working mechanical exer- 
cises, yon ought to work by means of it a. few such 
exercises as the following :— In Pig. 80 a b represents i. 
ladder whose „ 

centre of gra- 




smooth wall Fig. BO. Fig. 81. 

o a, and its 

end b on the smooth floor o b. Find the poll in the string 
and the reactions at a and b. 

The forces acting on the ladder are shown by the 
arrows. Draw t x (Fig. 81) vertically to represent the 
weight of the ladder. Draw i o parallel to o c, and take 
anywhere in this line. Use o as pole of the force polygon. 
Join o t. Now the link polygon is M n p k, and drawing 
o w parallel to r it, and w z parallel to a h, we find 
that i x z w is the force polygon. The 
, lengths of x z, z w, w r represent the 
forces at c, at u, and at a. 

140. Again, the centre of gravity of a 
number of masses or a number of areas 
may be found easily by this method. 
Thus, let there be masses or areas, mi, ib 31 
&C, whose centres are at the points 1, 2, 
&o. (Fig. 82). Draw the parallel forces 
II, 22, &c, in any direction proportional 
to B>] nt,, ic, and find the resultant by 
the above method. Suppose m n to be the 
direction of the resultant. Now repeat the 

ncess, taking the parallel forces of the same magnitudes as 
are, but in a different direction, and letH pbe the direction 
of the resultant. Evidently x, where these lines meet, is the 
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centre of gravity of the masses or areas. This iiicthi 
may often prove usefuf, for areas especially. Thus, 
find the centre ol gravity of any H'iv.-ii ma, divide it i 
any suitable number of puna, bo that the centre of gravity 
and area of each ]wirt may be found easily. If we divide 
the area by parallel lints, these lines may do drawn 
equidistant, and the area of each part is approximate ly 
given by the length of the line which separates it from 
either ot its neighbours. A repetition of the p 
lias been employed to determine the moment of i 
oi the area about any given line. 

141. 1 do not advise students to adopt this link polygon 
method vt finding centres of gravity or of caicufatin, 
moment of inertia. A practia 
engineer will always apply th 
ordinary formula to und the 
centre of gravity of an area. 
Thus, if you want the centre of 
gTavity of the figure : 
(Fig. 83), draw two parallel lines, 
o h, k a, touching the figure at 
two opposite sides. Draw a line, 
K o, at right angles to a a, and 
divide it into any number of equal 
parts, each equal to d. Draw the 

F *' **' so that t'hey a 

apart, the distance from a b to o h, i 
being id. It is evident that it s i p is a line parallel 
to h through the centre of gravity, then approximately 
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"Wa hare thus obtained ono line through the centre o; 
gravity, and in a similar way we may obtain anothei 
such line, and their point of intersection is the centre of 
gravity required. 

In the same way we may obtain the moment of inertia. I 
of any area about any fine ; or, as is often the case, suppose 
wo wish to find the moment of inertia of imop about 
w i p, a line which passes through the centra of gravity. 
Evidently the moment of inertia about oaia appio.simati 1; 
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about a parallel line through ill centre of gravity, together 
with the product of the area into the equare of the distance 
between the two linee. Hence, the moment of inertia 

It will be found in practice that this easy 'way of carry- 
ing out simple ideaa is better than the complicated use of 
the link polygon method for finding moment of inertia. II 
the area may be divided into rectangles whose sides are 
parallel to and perpendicular to the axis, we need not sub- 
divide these rectangles. It A B 
must be remembered that the \ 

angle about any axis is equal , 

to the area of the rectangle 
multiplied by the square of the 
distance of its centre of gravity 
from this axis, plus the moment 

of inertia of the rectangle 57 u 

about a parallel line through ^ M 

its centre of gravity. Thus, 

the rectangle a b c d (Fig. 81) is known to have about k m k 

the moment of inertia — ~— ' so that the moment of 

inertia of the rectangle about 0' 0' is 

The student will find it good exercise to take a few sec- 
tions of angle-iron, T-iron, rails, and other specimens of 
rolled iron, and find the position of centre of gravity of each 
section, and the moment of inertia of each area about any 
line through the centre of gravity. The exact forms ought 
to be taken from real specimens. If the area is symmetrical, 
a one line through the centre of 

/-^pN^r~rq, p gravity can always be found 
./- ■" r?-?At.'i.!-o by mure inspection. 

" I& 149. When the moments of 

inertia of an ana about any 
1 \ , throe axes through a. point are 
'■'' .1. known, the moment of 
\* j inertia about any other 
_y axis through the same 
ssp-v^ I . "point may be found ; because 

Br>. / if a distance be measured from 

^"■"i; the point along an axis which 

Tig. B5. is equal to the reciprocal of the 
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reditu of gyration . .f the arm about [he axis, the extremities of 
all such measinv.l distances lie in an ellipse. The principal 
aits of the area are in the directions of the major and n ' 
axes of this ellipse. Thus, if foe any area.us pi (Fig. 
the least moment of inertia is about an axis, o *, ai 
-™ j( and if the greatest moment of inertia is about o E, and 
—a then 11 a'u' being an ellipse whose major and 
axes are A a' and » u', the moment of inertia about an a 
oc, is ^. This theorem of Poinsot'e is proved in 
elementary treaties on dynamics. The student will flni 
useful to prove it by actually finding the momenta 
inertia of any area about a number of axea. 
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143. Diagrams of Bending Moment. — Let ab (Fi 

I 86) represent tin- length r 



a 



s the i 



:al ! 



To a 



l and b, < 
the unclosed force polygc 
jEL (Fig. B7) — before 1 
student arrives at this p 
of the book he will probe 
have drawn other force p 
gons where all the sides w 
really in the same strai^ 
line — 1, 2, and 3 (Fig.8 
\ | representing 

and magnitude the 
loads of Fig. 86. C 
any point, o. Join ok, o 1 2, o2 3, and ol. 
draw the link polygon (Fig. 86), beginning at i 



Fig. 88. 
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point, a, in the vertical from a, and ending in the point b. 
Now a 6 is the side wanting in the force polygon. Draw 
ON (Fig. 87) parallel to a b (Fig. 86). Then ln is the 
amount of the supporting force at B, and nk is the 
amount of the supporting force at A. Also, draw any 
vertical line, s T (Fig. 86). Then Hie length s T, intercepted 
by tJie Bides oftlie force polygon, represents the bending 
moment oftlie beam at any point, P, on some scale which 
it is easy to find. 

To prove this. Draw o h horizontally. The moment at 
any point, p, due to the supporting force, nk at a, ia 
nk x a p ; and this is equal to o h x ft, for, by similar 
triangles, 

aT : tf : : on : nk, 
and therefore 

ap : tf : : oh : nk. 

This second proportion gives nk.ap equal to o h . t f. 

In the same way the moment at p, due to the force 1, 
is o h . f s ; and hence the true moment at p, being the 
difference of these, is oh.bt. We see, then, that if, for 
example, the beam is drawn to a scale of 

1 foot, represented by x inches, 

and if the loads are drawn to a scale of 

1 pound, represented by y inches, 

then s t is the bending moment at p, on a scale such that 

1 pound-foot is represented by ^ inches. 

If the load is not concentrated at a number of points, it 
is usual to imagine it divided into a number of loads, each 
of which acts at one poiut. The diagram of bending 
moment is drawn in the way which I have just described, 
and then for the polygon with its straight sides we sub- 
stitute a curve which touches all the sides of the polygon. 

After you have found a diagram of bending moment, if 
you wish to see the effect of additional loads, draw a 
diagram for these loads as if they acted alone, but take 
care that the horizontal distance, o h, is the same as before. 
Add together the ordinates of your two diagrams to get 
your new diagram of bending moment for all the loads. 

144. Shape of a Loaded Beam. — When we know the 
bending moment at every cross section of a beam, it is easy 
to draw its shape, the vertical dimensions being increased in 
& 
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any scale we pl"a6e. Divide the bending moment at every 
place by the modulus of elasticity and by tLc moment of 
inertia of the cross section there, and draw a diagram which 
shows at every place the value of m -=- e i. Regard this as 
a diagram which s!m»i thn amount of a Dew kind of 
continuous load per foot in length of the beam. Draw a 
new diagram as the diagram of bending moment was drawn. 
This shows at every place what has been the amount of 
vortical yielding of the beam. If the scale of ei is 
diminished, the scale of the deflection of the beam is 
increased in the same proportion. The proof of the 
proposition cannot easily lie giviin without the nse of 
imilhr.-iFiiitica] expressions, which I prefer to keep out of 
this book. 

140. Hinged Structures— Before giving you the easy 
rales by which we find the forces acting in structures built 
up of a number of tie-bats and struts hinged together, 
such as mof-principals and ircn giruVi*, 1 think it advisable 
to mention a few facta about llif t'cvmiytry "!' certain figures 
which Bomuat of points joined by straight lines. They are 
such that ;— 

First, we are able to resolve them into a number of 
closed polygons. Second, each side in a figure is a side of 
two polygons, and only two. Thud, from each point there 
come at least three straight linea. Fouvth, each line passes 




through at least two points. If a bine passes through three 
points or more we mutt consider its segments as distinct 
sides. Thus, o Aliens p (Fig. 88) is a figure which satisfies 
the conditions ; it consists of seven puints, joined by twelve 
lines, and it contains seven closed polygons or triangles. 
Also * n c n o o' (Fig. 80) is a figure consisting of ail points 
joined by twelve lines; to satiety condition (2) given above. 
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we must not consider abcdos one of the polygons, we only 
take into account the eight triangles. 

It will be found that in all figures satisfying the above 
conditions the number of closed polygons plus the number 
of points equals the number of sides plus two. This is 
proved by taking any suitable figure and adding a 
new side; it is found that the sum of the number of 
closed polygons and the number of points is also increased 
by unity. This is, indeed, the relation between the number of 
faces, summits, and edges of a polyhedron, and all the 
figures of which we speak may be regarded as projections 
of polyhedra. 

145a. Straight-line figures generally may be divided 
into : — 1. Deformable figures, or those which may alter in 
shape, the lines retaining their original lengths. 2. Figures 
perfectly stiff. 3. Figures which would be perfectly 
stiff, even if we removed one or more lines. It may 
be shown that a figure 
belongs to class 1, 2, 
or 3, according as the 
number of its sides is 
less than, equal to, or 
greater than, double 
the number of poiuts 
minus three. It is 
evident that in a 
figure of the third 
class the lengths of 
the extra lines may be 
expressed mathemati- 
cally in terms of the 
other sides. Thus, if 
there are a points, b 
sides, and e polygons 
in any figure, we 
generally find that 
there exist b - 2 a + 3 
necessary conditions 
regarding the lengths 

of the sides, and if these conditions are not satisfied the 
figure has no existence. 

If in a given figure £ — 2 a + 3 is negative, then 
2 a— o— 3 further conditions must be given, to add lines to 
the figure before it can become stiff. 

Thus, Fig. 90 is deformable (class 1) ; Fig. 91 is stiff (class 
2) ; Fig. 92 contains one extra side (class 3) ; Fig. 93 
contains four extra sides (class 3). 




Pig. 92. 



Fig. 93. 
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146. In every problem in Graphical Statics it will be 
found that we are concerned with two figures which hare a 
curtain reciprocal relation to one another. We shall now 
define this relation. 

Two figures are iwid to he reciprocal to one another 
when to each line in one figure there corresponds one 
parallel line in the other figure, and the linos which meet in 
a point in one figure eo despond to the lines forming a 
closed polygon in the other figure. Thus Pig. 76 and 
Fig. 77 are reciprocal, and Fig. 78 mid Fig. 79 are reciprocal. 

It may he shown that unless a figure satisfies the con- 
ditions given in Section US it cannot have a reciprocal 
figure, but that all figures which satisfy those conditions do 
admit of reciprocal figures. Time Figs 88 and S9 admit of 
reciprocal figures. Su ids., that a figure composed of any 
numlajr of cloBod polygons, a li e u s, a' b' c' i>' e', Sea., with 
the same numher of sides, A a', h b', &a, heing joined, shall 
admit of a reciprocal tii;iire, it is necessary and sufficient 
that the points in which nil agreeing aides meet, if produced, 
shall lie in a straight lino. Thus, the points where it 
and c i) meet, a' u' nnd c' i>', a" it" and e" u", etc., all lie in 
one straight line, and so for the other sides. We observe, 
therefore, that any number of link polygons obtained from 
thft same forces may form a figure which admits of u 
reciprocal liguro. 

Generally, we may say ; — that where any figure com- 
posed of points joined bj straight lints shall admit of a 
recipiuenl figure, it is necessary and sufficient that it is ths 



reciprocal figure, it i 

snnicient that it contains one extra liuc. It it does not 
contain an extra line, then it is necessary for it to satisfy one 
condition, if il is to ha v.- eric ami onlv one rei iprocal figure. If 
it is dofurmabk-, it only admits of a reciprocal figure when 
it satisfies as man v er.ndilii.ns |.),is one a.s there are new lines 
to be traced to render it stiff. If it contains two or more 
extra lines, it admit* ol any Dumbei of reciprocal figures. 

In fact, n figure admits in general of none, or of one, or 
of any number of rciiproijr! figures according as the number 
of its points is greater than, equal to, or less than, the 
number of its closed polygons. 

There are eiceptions to these rules, which I shall not 
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bars, if we assume that each bar is subjected to direct pull 
or direct push — that is, if we assume that the forces with 
which a bar may act at the two joints at its ends are 
in the line joining those two joints — then it is easy to 
calculate the direct push or pull which each bar has 
to resist when the structure is loaded. This is assuming 
that the external loads are all applied at the joints of the 
structure, and that these joints are really the centres 
of frictionless hinges. 

In actual practice, however, the joints are usually 
stiff — that is, the bars are really subjected to bending 
and shearing stresses as well as to direct compressive or 
tensile stress. But it is found that the strength of many 
structures, when tested, is approximately the same as 
if they were hinged structures. 

The conditions which enable us to calculate the stresses 
in a hinged structure are :— 

1. All the external forces are in equilibriim with one 
another. 

2. The pulls and thrusts and loads acting at any one 
joint form a system of forces which are in equilibrium 
with one another. 

3. A piece connecting two joints pulls or pushes one 
of the joints with the same force with 
which it pulls or pushes the other. 

Having determined the amount 
of pull or push in each bar, we can 
find the most suitable cross section 
to give the necessary strength, if we 
know the material, by using the results 8 
of §§ 57 and 128. To illustrate what 
we mean by a joint, find the stresses 
in the two pieces, o A and o b (Fig. 
94), which have a hinged joint at 
o, when there is a vertical load of 1 ' 
2,000 lbs. at o. The piece o a acts 
upon o with a certain force, and so does o b, and 
the three forces balance. Draw a triangle (Fig. 95), 
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with its sides parallel to o c, o b, mid oa, in such a way 
that the side c represents on some scale the force of 
2,000 lbs. The direction of o c, being a poll downwards, 
shows the direction in which we must draw the arrows 
concurrent round the triangle cb a ; then b represents to 
the same scale the force in OB, and the arrow shows 
its action on o ; thus we see o B pushes o, bo we call 
o a a strut. We also know that at tbe other joint of 
o b, say u, the piece o a exerts a pushing force of amount 
Similarly, a o is a tie — that is, it exerts a pull upon 

148. Let us now consider the roof- principal shown i 
Fig. 96. Certain loads are given acting at the joints 




e know that the structure is supported by two forces 
r reactions at its two ends, Our first step is to find 
vo supporting forces. They must be in equili- 
brium with all the external loads. 

Now, it is well known that wtt must he given either 
the direction or the amount of one of these supporting 
forces, else the problem becomes indeterminate. It is 
usual to be told that one or other supporting force is 
vertical. This condition is arrived at in practice by 
having at one end of a structure a little carriage with 
wheels resting on a horizontal plate of iron. 

The notation which we use is due to Mr. Bow. 
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very materially simplifies the process of calculation. You 
observe that every space between two forces in Fig. 96 
is indicated by a letter. The line which separates tlie 
space a from the space B is called A b, and corresponds 
with the line A b in Fig. 97. A point is indicated by 
the letters of the spaces which meet at that point. Thus, 
A o H is the end of the roof-principal. 

Suppose the supporting force at the point fop is 
known to be vertical. We must first find the amount of 




the force fg, and the direction and amount of the 
force A a. 

Draw the force polygon, abcdef, Fig. 97. We see 
that to close it we need two lines to join f and a. Now, 
one of these, f g, is vertical. Take o as pole. Join o a, 
ob, o c, o D, o e, of in the usual way. Draw the link 
polygon, shown dotted in Fig. 96, commencing at a g ii. 
Now, o G (Fig. 97) is parallel to the last side of it, and thus 
we find F G and G A, the supporting forces at the end of 
the principal. Having found the two supporting forces, 
f o and G a, we proceed as follows : — We have the closed 
force polygon, abcdefga, The arrow-heads shown on 
this force polygon are not to be rubbed out during 
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: calculation, and in practice wo mark them, i 
All other arrow-heads which we draw on Fig. 97 t 
require to be rubbed out, and ought only to be marked in 
pencil. V.'c must begin our calculation at a joint where 
only two pieces meet, and where one force which acta 
there is given. Now at the joint A G B we know the force 
In Fig. 97 draw a h and a H parallel to the pieces 
and G n of Fig. 96. Put arrows on the Bales of the 
ingle GAH concurrent with the arrow one a. Now 
see by the arrows that the " 



by the 



ith a for. 



ed to ! 



ale 



AH (Fig. 97). 
, then, that a h is a strut, since it pushes, and i 
know the total pushing force in it. Similarly, HO i 
lie, and the total pulling force in i( 
rented by the length of the li 
Fig. 9 7. 

We now rub out the arrows which we 
to have drawn in pencil on the lines a u and hq {Fig, 97] 
and proceed to the joint a B I II. It must bo r 
that although the pieces A H and B I are in 
straight line, we regard them as two separate pieces. 

Now we know the force ab, we also know that the 
force witli which the piece a h pushes the joint is 
represented by the length of the line ah (Fig 97). 
Draw, then, HI and bi (Fig. 97} parallel to the pieces 
II T and B l (Fig. 9(5). We have thus a polygon, A B I H. 
The force ab (Fig. 97) tells us how to pencil arrow-heads 
coucuiTently round this polygon. When we do this we 
find that the piece BI paslies the joint with a force 
represented by the line bi (Fig. 97), so that bi is a strut 
Also in is a strut, in which the stress is represented 
by the line I H (Fig. 97). We proceed in this way £ 
joint to joint, always taking care to rub out o 
arrow-heads when we proceed from one joint to the nea 
The lenglliS of the lines in Fig. 97 give the magnify 
of the forces in the pieces of the structure. It is easy fa 
prove that, if no mistake k made, no discrepancy i 
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appear when the drawing is being finished — that is, when 
we are returning to the joint with which we began. 

If in Fig. 97 the points K and I are found to 
coincide, this evidently means that the piece ki is un- 
necessary in the structure. If, again, we find that we 
cannot close one of our little polygons in Fig. 97, we 
ought to proceed to new joints, and, possibly, when we 
again consider the joint with which we had difficulty, we 
shall be able to close its polygon. If we still find 
difficulty, it must be caused by two or more joints, and 
the pieces connecting these are evidently unnecessary to 
the structure. If we find in Fig. 97 two points with the 
same letter, we evidently require to add a new piece 
to the structure, which will exert a force equal to the 
distance between these two points. 

No explanation in writing will enable the student 
to master this beautiful method of determining the 
stresses in structures. He must select structures, apply 
loads to the joints, and calculate the various stresses 
for himself When he has made four such calculations, 
he will know nearly all that can be said on the subject. 

149. Roofs. — It is not my object here to describe the 
construction of a roof or a bridge. For such information 
the student must examine real structures for himself ; he 
must read Tredgold's treatise on roofs, and examine 
many good drawings of roofs and bridges. 

Suppose, for instance, that he finds a roof, somewhat 
like his own, to weigh — including possible snow, <fec. — 
20 lbs. per square foot of horizontal area covered. 
Suppose his principals are to be placed 8* feet apart, 
the span being 50 feet, then each principal has to 
support about 

8 x 50 x 20, oi 8,000 lbs. 

Now, if Fig. 98 is the shape of his principal, as 
A b, b c, CD, and d e are all equal, we may suppose that, 
however the roof covering may be supported by the prin- 
cipal, the piece of rafter, A b, or any other of the divisions, 
supports 2,000 lbs. The joint b gets half the load on a b 
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and half the load on do; consequently, the load at the 
joint B is taken to be 2,000 IbH., and similarly for c and D. 
'1'he joints a and E do not nfetl to get loads, because we 
have afterwards to calculate 
the total forces at a and e 
by the link-polygon method. 
When the above verti- 
cal loads have been given 
to the joints, we have to 
d pressure on one aide of the roof. If 
as we reasonably may, that 40 lbs. per 
square foot is the greatest pressure of wind ever 
likely to occur on a surface at right angles to the 
direction of the wind, then the normal pressure per 
square foot on roofs of the following inclinations may be 
taken from the following table, which is obtained from 
Hutton's experiments. 

TABLE X. 
Normal Frame of Wind twins' 



Thus, if the portion of one slant side of the i 
between two principals has an area of 240 square f 
and if the inclination of the roof is 30°, \ 
say, then 240 x 264, or 6,336 lbs., has to be 
supported by each bay. Transferring this 
to the joints, we see that at B {Fig. 99) we 
have the vertical load IB, or 2,000 lbs., 
due to weight of roof, snow, &c., and also ■* 
Y B, or one half of 6,336 lbs., normal to the Pi *- • 
roof, and due to wind. Complete the parallelogram, and 
evidently z b is the load at the joint b which we must u 
' a our calculations. 
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The student will find that if a roof-principal can only 
be supported by a vertical force at a certain end, the 
stresses in the structure are greatest when the other side 
of the roof is acted on by the wind. 

I would advise every student to design at least one 




timber and one iron roof, making detail drawings of all 
the joints, etc., referring much to books and drawings, 
and wilting out complete specifications. The following 

examples of stress diagrams (Figs. 100, 101, 102) may 
be useful for reference. 
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150. Every joint in a real structure is usually a 
stiff joint ; so that every piece may really be subjected 

to bending, as well as to direct 
compressive and tensile stresses. 
A general method of taking stiff- 
ness of joints into account is 
quite unknown ; but as we have 
discussed bending we see pretty 
clearly what is the effect of a stiff 
joint, and in some cases we are 
able to make calculations on the 
subject. It may generally be 
assumed that the strength of a 
structure is greater if the joints 
are stiff than if they are merely 
hinges. This is not always the 
case, and, from the indeter- 
minateness of the problem of 
finding the stresses in a structure whose joints are stiff, 
many large bridge trusses are at present made with 




Pig. 10L 




Fig. 102. 



nearly all their joints hinged. In roof-principals the 
joints are made stiff, rather for the purpose of stiffening 
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the whole structure — that is, increasing its resistance to 
change of shape — than for the sake of strength. In 
a roof all joints of struts are usually made stiff. What 
we shall now say is of more importance in bridges than 
in roofs. 

If two or more pieces of a structure are in a straight 
line with one another at joints where they meet, it is 
usual for strength to make the joints between them 
quite rigid. Thus the pieces A H and b I of Fig. 96, or 
a B and b c of Fig. 98, ought to form one bar. But this is 
only useful when the pieces in question are struts, and our 
reason for the continuity of the pieces is that a strut is 
stronger when its ends are fixed than when its ends are 
not fixed. Thus the piece B I (Fig. 96), will resist a 
greater thrust if it is continuous with A H and c K 
than if it were hinged with these pieces. (See Art. 
129.) It is not good in all cases to fix the end of 
a strut by rivets, <fcc., instead of a hinge ; because the 
benefit due to fixing an end may be more than counter- 
balanced by the evil effects of bending introduced to the 
strut through the joints by a tendency to change the 
angle which the strut makes with the piece to which it is 
fixed. The common sense of the engineer will always 
enable him to decide as to the judiciousness of fixing the 
end of a strut. 

151. Sections of Structures. — It is often of consider- 
able importance to 
find immediately the I 

stresses in pieces of a , ___ _*i_ Jt B ^^ 7 

structure which are not ~ h>y^^ I ^^^^HnT 

near the ends. If we e- — ~s- : \ ^---^IlN. 

can draw any surface c ^/ v * ^^^ 

which will cut through ' 

the pieces in question, 

we can calculate the fig. 10 8 # 

stresses in these pieces 

directly, supposing the pieces are only three in number. 

Thus, the section a. c e (Fig. 103) cuts the pieces ba.bg, 
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and D E. Now not only the whole structure, but every part 
of it is ki*|it iii equilibrium. What forces keep the part 
'n equilibrium ) They are the known forces at b, P, 
and H, together with three unknown forces whose direc- 
tions are baa', b C c', and D E e'. Given the directions of 
three forces which equilibrate a number of known forces, 
we know that they may be determined in magnitude by 
the link-polygon method. Sometimes the link-polygon 
method is more troublesome than the following : — To find 
the push or pull in D e e', We know (Art. 23) that the 
moment of the force in e e' about the point b is equa! to 
the sum of the moments about n of all the external Ibices 
(for the forces in the directions a A' and cc' have no moment 
about b, since they pass through it}. Let the algebraic 
sum of the moments of the externa) forces be actually cal- 
culated, multiplying numerically each force by its per- 
pendicular distance from B. This sum, divided by the 
perpendicular distance from b to e e', will give the force 
in R e'. If the algebraic sum gives a moment tending 
to turn the structure about i: against the direction of the 
hands of a watch, the force in e e' is a pulling force acting 
from e towards e', and therefore the piece D E is a tie. 
It will be observed that if we wish to know 
stress at any section of any loaded structure, we i 
consider that the parts of the structure on any 
side of this section are in equilibrium. Thus, if A anrt 
b are the two parts of the structure, consider the 
equilibrium, say, of a Now, p. is kept in equilibrium by 
the external forces or loads which act on b, and 
by the forces which act on B at the sectioi 
course it is A which causes these forces to act 
through the section ; but in calculations concerning the; 
d to consider a or the loads on 
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CHAPTER XV. 

SUSPENSION BRIDGES, ARCHES, AND BUTTRESSES. 

152. Loaded Links. — Let ac,cd,de, and e b be four 
links hinged together at c, d, and E, and supported some- 
how by hinges at A and b, and, neglecting the weights 
of the links themselves, let x, y 9 and z be forces acting 
at the three joints, so as jt 
to make the links take 
the positions shown in 
Fig. 104. Take any 
point, o (Fig. 105), and 
draw lines om 9 on 9 op 9 
and o q parallel to the 
links, and from any 
point, m 9 in om, draw 
m n parallel to the force 
z, n p parallel to the 
force y, and p q parallel 
to the force x; then it 
is easy to prove that 

the lengths of the lines \ 

m n 9 n p 9 and p q are proportional to the forces 
z, y f and x 9 and the tensile forces in the links are pro- 
portional to the lengths of the lines o m 9 o w, op 9 and 
o q. For it is evident that the three forces at e, keeping 
the joint in equilibrium as they do, must be proportional 
to the sides of the triangle omn. If you put arrow- 
heads on om and on concurrent with the one already 
on m n, you will see that the bars b e and D E do not push 
the joint E, they pull it and are tie-bars. Thus, then, 
the lengths of the lines in Fig. 105 repre- 
sent to some scale all the forces acting 
at the joints c, d, and e. 




Fig. 101 



Tig. 105. 



153. Loaded Chain.— If, now, we want to find 
pull in evtty part of one chain of a suspension 
and U> draw tlie shape of tiie chain, it is first n' 
to know the weight of the bridge at everj 
This weight ib probably supported liy two chains, 
as we have only one chain to deal with, we only 
half the weight of the bridge, We will suppose 

: no long girder or other support for the brii 
iut the chain. It is usual to su.-ipci'nl the suppoi 
is of the roadway from tin* chain liy vertical 
, placed at equal horizontal distances from 
mother. We may imagine the roadway to bt 
avy at one place as another, so that the pull ii 
i rods will be the same. Suppose there are 
rods, and in each a pull of 20 tons. Draw 
equidistant vertical lines (Fig. 106) to 
rods. We must get another condition before we 
draw the chain. Let it be this, that the chain 
i^_ I , the middle where it 



horizontal shall 
be capable of with- 
standing a pull of 
SOOtons. Nowdraw 
o h horizontally 
(Fig. 106a), and 
make its length on 
any scale represent 
200 tons. Make ha 
and i i ii on the, same 
scale represent e; 
1(10 tons (if ; 



svmmetrit-al ), 
divide them up so that each portion represents 20 to 
that is, the vertical load communicated to the c 
by each tie-rod. Now join with each point of d 



Suppose i 



j that r { fig 1 06) v. 



rapport of the chain, draw pa (Fig. 106) parallel tooi 
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(Fig. 106a), a c parallel to o c, cd parallel to o D, and so 
on till you reach the point Q, which I suppose to be on 
the same level as p. Of course, the points of support, 
p and Q, may be anywhere on the lines a p and mq. It is 
quite evident from what you have already learnt that the 
pull in any part of the chain is represented by the 
length of the line from o, which is parallel to it in Fig. 
106a, and it is also evident that the chain will take this 
shape without any tendency to alter. 

154. We began by assuming a pull of 200 tons in the 
part fh, where the chain is horizontal. We might have 
assumed a pull of 300 tons in fh ; this would have caused 
the chain to hang in a natter curve. Assuming a pull of 
100 tons in fh, we should have obtained a greater 
difference of level between p and A. 

It will be found that in the present case, where the 
load is supposed to be uniformly distributed 
along the horizontal, the links would just 
circumscribe the curve called a parabola. 
With any other distribution of load they will fit some 
other curve than a parabola, but in any case you know 
now how to draw the shape of such a chain, and to 
determine the pull in any part of it 

155. Arched Rib. — If instead of a hanging chain you 
wanted to use a thin arched rib to support your roadway, 
then if you have numerous vertical rods by which to hang 
your load to the rib, and if the distribution of the load is 
known, you can draw the curve of the rib in exactly 
the same way, but it will now be convex upwards of 
course. With uniform horizontal distribution of your 
load you will get a parabolic rib. The difference between 
the two cases is this : a slight inequality in your loads 
or a temporary alteration will only cause the chain 
to take a slightly different position for the time, and 
it will get back to its old shape when the old loading 
is returned to ; whereas the arch is in a state of unstable 
equilibrium, and as it is very thin, so that it cannot 
resist any bending, a slight change of loading will very 

h 
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materially alter its shape and it will get destroyed. 
Such a rib or series of struts is either stayed with 
numerous diagonal pieces or else it is made very massive, 
so that should the line like p k q (inverted), which is 
supposed to pass everywhere along its axis, deviate a 
little from this position, the rib may resist altera- 
tion of shape by refusing to bend. 

156. The load carried by an arch may either be 
hung from it by means of tie-rods, or else it may rest 
on the top of the arch, the weight being carried from 
the different parts by 
means of struts or pillars 
, stone, or brick, 
3 arch may be 
1 up to the road- 
way by means of a solid 
masonry, or 
1 merely by one or two 
pillars of masonry and a 
filling-in of earth. It is 
rather difficult in a stone 
or brick bridge to say 
exactly what is the load 
on every portion of the 
arch, but it is guessed 
at, and a curve or link 
polygon, such as p h q, 
Fig. 106 (inverted), 
drawn. It is shown in 
Art. 127 that in a stone 
or brick arch it is dangerous to have the arch so thin 
that, the line P h t) (inverted) passes anywhere out- 
side the middle third of the arch ring. Thus, in 
Fig. 107, we have a section of a stone arch, the 
various stones or vouasovrg, as they are called, being 
separated by joints of mortar or cement. Now divide 
each joint into three equal parts and draw two polygons, 
ni ffl ni and n n n, marking out the middle third of 
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every joint. Let us suppose we know the weight which 
each voussoir supports, including its own weight (it is 
usual to consider the arch as one foot deep at right 
angles to the paper), and let these weights be the 
weights «7„ w y <fcc., shown in Fig. 107. Now draw the 
force polygon, Fig. 107a; it happens to be all in one 
vertical line, the forces being all vertical And now 
we come to the drawing of our link polygon, but we 
are stopped at the outset by not knowing what is 
the thrust at the crown of the arch. 
The pull at the middle of our suspension bridge chain 
was quite definite, but the thrust at the crown of the 
arch may be what we please, and the arch will remain 
stable if the link polygon which we draw never passes 
outside the middle third of any of the joints.* Suppose 
we draw any symmetrical link polygon to begin with, 
by bisecting a k in H (Fig. 107a), draw h o horizontal, 
and take o anywhere we please. Now o h will be the 
thrust in the crown of our arch, if this link polygon is 
the correct one. Join oa, o l 2, o 2 3, <fcc. Now start from 
any convenient point in w 61 Fig. 107, say E, within the 
space which contains the middle thirds of all the joints. 
Draw E D, Fig. 107, parallel to o 4 5, Fig. 107a; draw D c, 
C B, B A, a p, in succession parallel to the corresponding 
lines in Fig. 107a, and so also for E F, (fee, to k Q. If any 
of the lines so drawn passes outside the space m m, nn, 
you must choose some other point E to begin at, and 
if you find that no choice of e will allow the link polygon 
to lie altogether within the space mm, nn, then you 
must choose another pole, o, in Fig. 107a, until at length 
you find, as in the figure, a link polygon, peq, which 
cuts within the middle third of every joint. The lengths 
of the lines in Fig. 107a tell us the forces acting at the 
joints of Fig. 107. Thus oa, Fig. 107a, is the force p a, 
Fig. 107, the resistance of the abutment of the bridge. 

* It is obvious also that the link ]K>lygon wherever it crosses a joint 
must make an angle so near a right angle with the joint that there 
can be no slipping or rapture by shearing there. 
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ting in the 
of drawing 



Again, the length of a i 5 is the force acting 
between the stones e ai 
157. Professor Fuller has made the work 
such a link polygon very easy. It can be shown that 
a number of link polygons are drawn in Fig. 107 for 
different lengths, on, Fig. 107a, then the vertical dis- 
tances between the points A, u, c, d, ifec, are ii 
same proportion in all the link polygons.* Begii 
with the first load v>„ draw (Fig. 108) A 1' 2' 3' 4' 5' 
the half of any link polygon corresponding to P A B C 




the 

ft 



iix. Erect perpendiculars at 
, 2, o, 4, o, s. jjraw horizontal lines from 1', %, 
', Ac. ; draw any inclined straight line of convenient 
length, et; draw vertical lines from 1", 2", 3", Ac. 
From the points where the verticals 1 1', 2 2', Ac., cut 
m in iind n ii, draw horizontals to cut the corresponding 
verticals from 1", 2'', 3", Ac. Join the points so found 
by the curves mm" and nn", then, just as the straight line 
et represents a link polygon, m m"nn" represents the 
area bounding the middle third of all the joints, a 
any link polygon will be represent 
the right hand side by a straight 



* See Art. 143. Each link polygon \ 
mcini'nt supposing the loads wre ac 
and the iCiile of each diagram i« proix 



really a diagram of t 
og on a " horiuontal 
tioaal to the scale of 
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Now draw a straight line lying altogether within the 
space m ra" n" n. If you can draw several, then draw 
that one whic/i is steepest, in this case c T. Project this 
over to the left hand side, and you will find that you 
have the link polygon, which supposes the least thrust at 
tlie keystone. The corresponding force polygon has its o H 
less than the oh of A e in the proportion s c to s e. 
The proof of this is easy. When the arch is one of 
wrought or cast iron, we have to find in just the same 
way the link polygon which falls nearest the axis of the 
rib everywhere. But we are not now bound to the 
middle third of the section, because the iron will with- 
stand tension as well as compression. Art. 127 indicates 
how, when you have found the link polygon which passes 
most nearly through the middle of the iron rib every- 
where, you can calculate the strength at every section. 

158. In any arch which abuts against its supports at a 
plane surface, as a masonry # arch does, the supporting 
forces and the link polygon are really indeterminate, 
although masonry arches in their settlement generally allow 
us to assume that the rule given in Art 157 is true. In 
iron arches it is very important to have more definite in- 
formation, and this is afforded by hinging the ends of 
the arch to the abutment At a frictionless hinge the 
supporting force must pass through the centre of the 
hinge, and in such a case, if we assume that there is 
absolutely no yielding in the abutments, the bending in 
the arch everywhere will be such that the horizontal 
motions everywhere get equalised. This gives a simple 
rule to find the correct link polygon or line of resistance 
for an iron arch, for which the reader must be referred 
to Professor Fuller's paper on the " Curve of Equilibrium 
for a Rigid Arch under Vertical Forces."* 

159. Buttresses.— To find the force which acts from 
one stone to another in a buttress, it is necessary to 
know the force acting on every stone from 

* " Proceedings of the Institution of Civil Engineers," Tol. 40. 
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the outside, and also the weight of the 
stone. Find the resultant of these two forces for each 
stone, and draw the link polygon whose first aide is the 
force on the top stone. In Fig. 109 pabkp is the link 
|>olygon so drawn. Each side of it shows the resultant of 
the forces acting at every joint, and the length of the 
corresponding line in Fig. 110 shows its amount. Thus, 
the resultant of the forces acting at the joint s t is 
shown by the direction of the line b k, and its amount is 
shown by the length of the line o t in Fig. 110. 

If we see that any of the sides of the link polygon 




Fig. 109. 



Fig. 110. 



passes outside the middle third of the corresponding joint 
between two stones, we know that part of that joint will 
be subjected to tension, a condition to which we suppose 
that a common masonry joint ought not to be subjected.* 

* In many cases it will be found well to magnify all the horizontal 
components of all the forces, magnifying the horizontal dimensions of 
nil the stones in the same proportion. In this way the points in 
which each side of the link polygon cuts each joint may be found more 

accurately. 
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CHAPTER XVI. 

SPIRAL* SPRINGS. 

160. As an example of the bending of a strip of 
material, which might have been considered after Art. 106, 
let us take the case of a flat spiral spring, such as the main 
or balance spring in watches. Let nfu (Fig. Ill) be such 
a spring, fastened to a case at n, and to an arbor or axle at 
m. When no forces are acting on the spring it has a spiral 
shape. Suppose that in this case, at a point r, the radius of 
curvature is r v and that when the spring is partly wound 

up there is at p a radius of curvature r, then is the 

change of curvature at p, and we know that the bending 
moment which produced this change of curvature is 

equal to e i f - — V where e is the modulus of elasticity of the 

material and I is the moment of inertia of the cross section. 
(Thus, taking e at 36,000,000, if the breadth of the spring is 
2 inch, and its thickness 
0-03, then ei is 16-2.) Now 
suppose the arbor to have 
turned through the angle 
x o o (which I shall call a), 
from the unstrained condi- 
tion. What are the forces 
acting on p m and the arbor P 
Whatever these forces may 
be, they must be in equi- 
librium. If these forces \ Q 
were changed there would Fig. ui. 
be an alteration in the 

shape, but so long as these forces do not change, the shape 
and position of things do not alter. This is why we can 
apply to the spring, p m, and the arbor the laws of forces 
acting on rigid bodies. So long as pho does not alter 
in shape, it obeys the laws of rigid bodies. 

161. Now, the forces acting on the arbor may be very 
numerous — pressure of the pivots, pull of the fuzee chain, 
or pressure of teeth of wheels — but whatever they may 
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be, we know thtit they can be represented by on 
acting at o, the centre, together wit 
couple, 0. If llio spring is n r.t m contact with the 
lop or bottom of itn rase, and if the coils are not i 
■X with olio Finii(ht-r, mi other furrca net tin the spring, 
■. except nl '■• The particles, of steel on one side of the 
:tion at p art acting on the particles on the other side; 
hut whatever the fun-ea at each of the particle* may be, wo 
know that the total effect at p is the same as that of one 
force and one couple. We cannot easily nay what the force 
is, but if r is the radius of mrvnture at r, and if r„ was the 
radius cf curvature at r when the spring was unstrained, 
then the couple at p is what we have already called the 
lx;ii<l!Tii. F moment;— 

E>>P 




J£ (1 _ L\ 



Let us suppose, for simplicity, thit the spring is every- 
where of the same breadth and thickness, and lot 1" 
usi- the letter <■ instead of 



, the anmo everywhere. 



■c-:.> 



The only forces urtin>* on r H o are — 

A force at o, of annum!/, in the direction OP, saj 

A force at p. 

A couple at r whose moment ia given above, and i 

Now, we know that the sum of the moments of nil the 
forces about any point must he nothing. Take all the 
moments about the point p. The force at r hue then no 
moment, and is to he neglected, and wo have 



-t* 



•e-y« 



•e-;)— ►/■■ 

hoit distiir 
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Now, when p a is very small it may be regarded as the arc 

of a circle whose radios is r ; consequently —■ simply means 

the angle between the radius, or normal at p, and the 
normal at a ; in fact, it means the small angle which the 
tangent at p makes with the tangent at u. 
Thus 

PQ P^Q 

r r 

simply means the change which has occurred in the angle, 
between the direction of the spring at p and the direction 
at Q. If now instead of considering what occurs at the 
point p, we take the point q, we shall get just a similar 
equation for another little length of the spring. Suppose 
we do this for every short length of the spring, and 
add up our results ; we shall find that the sum of all terms 
such as 

pq PQ 

r r * 

means the change which has been produced in the angle, 
between the tangents to the spring, at its two ends 
Thus, suppose the arbor has turned through the angla 
a, and suppose that, whether or not the point of fastening 
at n has been moved, the direction of the spring at 
n has on the whole changed through an angle b; then 
we find that the sum of all the above-mentioned terms 
amounts to a — b. (a may be called the amount of wind- 
ing up of the spring; b may be called the amount of 
yielding in the fastening to the case.) Hence the sum of 
all the left-hand sides of all such equations as the above 
is e (a — b). 

Now let us consider the right-hand sides of the equa- 
tions. Evidently the sum of all such terms as cxfq 
will be c x length of spring ; say c /. The sum of all such 
terms as fx p h x p q is, as you will find in any elementary 
book on mechanics, equal to / multiplied by the length 
of the spring multiplied by the perpendicular distance of 
the centre of gravity of the spring from the line o f. This 
is, of course, the length of the spring multiplied by 
the moment of the force / about the centre of gravity of 
the spring. Summing up our results, we find that if the 
force on the arbor through the pivots, &c, has a moment 
about the centre of gravity of the spring of the amount o, 
if the length of the spring is /, if the angle turned through 
by the arbor from the unstrained position is a, and if b is 
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the angular yielding at n, and c is the couple with which 
the arbor tends to unwind itself, then 

9 (a— bj — c/— o/; 

c= ' (a-b) + o. 

The term o depends on the position of the centre of 
giavity of the spring. 

162. If the coils are numerous, each will he nearly 
circular, and the centre of gravity of the spring will nearly 
be at o, and o becomes insignificant, so that the equation 
becomes 

0=1 (a-b). 

If th6 spring is so rigidly fastened, at its ends that there is 
no change of direction relatively to the barrel 

9 
C= T A, 

and the couple exerted by the spring, in trying to unwind 
itself, is simply proportional to the amount of turning of 
the arbor, or the amount of winding up. If, then, the 
centre of gravity of the spring always remained in the 
centre of the arbor, and if the spring were rigidly fastened 
at x and m, we should have the couple exerted simply 
proportional to the angle of winding ; and this is the 
condition for perfect isochronism in the balance spring. 
I need hardly say that this condition can never be per- 
fectly satisfied. If we use a fuzee, the main spring 
may be fastened as we please ; but suppose we want the 
couple exerted by the spring to be nearly constant, for 
various amounts of ♦vinding up, it is evident that the angle 
b ought to increase as fast as a ; that is, there ought to be 
a very considerable amount of yielding in the fastening of 
the spring to itb case. The same effect will be produced by 
exerting considerable pressure on the arbor at its pivots, or 
in some way causing tbe arbor and its case to be not quite 
concentric with one another. 

The watchmaker's usual plan to get moderately good 
isochronism is to make one of the above errors tend to 
correct another ; that is, by allowing a greater yielding or 
greater stiffness of the outer attachment counteract the 
results du9 to centre of gravity of the spring not remaining 
exactly in the axis of the balance. 
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163. Thus we see that by applying the law given in 
Art. 1 CI to the case of a flat spiral spring fastened to a case 
at its outer end, n, and to an arbor or axle at its inner end, 
m, we find that if the spring is riveted firmly both at N 
and M, and if it is so long and its coils so nearly circular 
that its centre of gravity is always nearly in the centre 
of the axle, then, when partly wound up, the spring tends 
to unwind itself with a turning moment which is pro- 
portional to the amount of winding up. This is the case 
in the balance spring, and it is this condition that gives 
to the balance its character of taking almost exactly the 
same time to make a small swing as to make a great one. 
(See Art. 180.) When the end n is not riveted, but merely 
hinged or fastened in any way that will allow it to turn 
about N, the unwinding tendency is not proportional 
to the amount of winding up; it is proportional to 
the difference between the angle of winding and this 
angular yielding at N. If the strip is everywhere of the 
same breadth and thickness, the unwinding tendency 
is proportional to the moment of inertia of its own 
section — that is, to its breadth and to the cube of its 
thickness ; it is also proportional to the modulus of 
elasticity of the material used, and is inversely propor- 
tional to the total length of the strip. Suppose you wind 
a cord round the barrel 
or case containing a 
mainspring of a watch 
whose arbor is fixed 
firmly, and, using a 
scale pan with weights, 
you find the turning 
moment of the spring 
for various amounts of winding up. If you plot your 
results on squared paper, you will find that the points 
lie in a curve like ao, bo, CO, or do of Fig. 112, 
whereas for a balance spring we should get nearly a 
straight line through o. 

In Fig. 113 is represented an instrument which I have 




Fig. 112. 



Ixwn in the habit of using in my laboratory, to show t 
connection between the turning moment and the a 
winding in a flat spiral spring. Different weights u 
at the end of the string give diflawot readings of t 




pointer. J?y means of such an apparatus, we are 

to verify the laws described above. When we have 
performed one set of experiments with a spring, another 
set may be made on the same spring with its length 
diminished or increased by means of the arrangement 
for clamping, shown in Fig. 130. In this way we can 
experiment with springs of different breadths and thick- 
nesses, as well as of different materials. 
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161. The flat spiral spring just ccnsi'lired 
tht- Lending of 11 strip of steel along itc 
entire length. I will now luke up a case 
in which there, is no bending. Fig. Ill 
shows a cylindric spiral spring* whose 
eoila are very flat. Besides its own 
weight, it 13 acted upon by two equal ai <\ 
opposite forces in the direction of its axis, 
the supporting force at » and a weight at 
M. Now lot ua consider the equilibrium of 
the portion of the spring from any point 
r to X. Suppose the wire cat at f 
ie passing through the axis ; 

n normal to the a\i* 
■. as the spirals are more and 
3 nearly horizontal. Lot us regard 
It aa a normal cross section of the wire. 
Now, whatever may be the stresses at 
an, they must balance all 
the 1 her forces acting on F M— namely, 
the force r at m, which is axial, and 
the weight of i' m. which is very nearly 
axial. If wo neglect the weight of 
p x, we have only to balance the foroe 
F acting at u. To do so we evident !v 
need a shearing force, r, at P. distributed 
over the section, mid u twisting torque 
which is equal to v. ph. It is easy to 
show that the shear is of much less im- 
portance than the torsion. Again, since 
v h is the same for every part of the 
spring, every section of the wire is acted 
on by the same twisting couple, jn-t 
us the shaft of Fig. 46, or the wire of 
Fig, 43, and its strength is calculated 
in tin: same way. Now, what is the 
amount of motion lit m in consequence 
nf Ihis twist f As the wire is everywhere 
twisted, just as if it wire a straight wile 
fastened at one end whilst at the other 
cii'i there were a force, i\ acting at the 

: .'- i.'ii thiri Fubject is a paper 




by Professor James Th 

1 ---*gc and Dublin Ma then 
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end of »n arm whoae length is equal to r h tho tf 
coils of the ipring, the amount of the motion c 
the snmi.' hb l!' 1 "' motion of tho end of such an ar 
to tho straight « Ik. 
183. We have, then, the following pretty illustration 
{Fig. 115), which serves to keep the rum for spiral springs 
in oax memory. Let two pieces of the name wire of the 
lgth be taken ; one of them kept straight, iixt 



■I 

firmly at a, and fastened at b to the axis 
i pulley which can move in bearings. A 

[cord, o, fastened to the rim of this pulley, 
carries the upper end of a spiral spring, D E, 
formed of the other piece of wire, the dia- 
meter of its coils being equal to the diameter 
of the pulley. Evidently, if a weight, w, is 
placed in the scale-pan, a point e gets just 
double the motion of a point C, for E gets o'a 
motion as well as the lengthening of the 
spring. The scales f and g and the little 
pointer* are for the purpose of making exact 
measurements. It is interesting to note 
how accurately the law is fuliilled, even in a rough! 
constructed piece of apparatus such as any one may ei 
put up for himself. 

166. Exercise. — A spiral spring of charcoal iron spring 
wire, - l inch diameter, '21 -0 inehen long, its coils having 
a radius of 1'3 inch, is extended by a weight of 10 lbs. 
(Supposing that a piece of wire of the same niateru " 
1 inch long and 0-05 inch diameter, gets a twist of 24'2 
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degrees with a cwisting moment of 2 inch-pounds, what 
is the extension of the spring 1 We see that if the trial 
wire were of twice the diameter the twist would be 
24*2 -f- 16, or 1-51 degree, and with a twisting moment of 
13 inch-pounds, which is 6*5 times as great, the angle 
would be 9 '82 degrees, and on a wire 21*6 times as long 
would be 212* degrees, or 3*7 radians, and the arc of a 
circle whose radius is 1 *3 inch, subtending this angle 
is 3*7x1*3 or 4*8 inches, the answer. 

167. In designing a cylindric spiral spring it is very im- 
portant to know the greatest elongation it will bear without 
taking a permanent set. If the material has internal strains 
given to it during its manufacture— and this it is very diffi- 
cult to prevent in steel springs, unless great care is taken in 
tempering, and it is almost impossible to prevent in brass 
springs, because the elasticity added in manufacture is often 
regarded as a necessary quality which ought not to be 
destroyed by any annealing process — in this case the 
reader must keep in mind the considerations of Art. 96. 
Otherwise, let * be the greatest shearing stress per square 
inch which the material can resist without getting a per- 
manent set. Let m be the greatest twisting moment which a 
round wire of radius r can bear without getting a permanent 
set, we see from Art. 93 that 

«= Jxsr 3 (1) 

Now s will be approximately known from Table III, or m 
may be found by experiment for a given wire by any 
person who wishes to make a spring ; and whether m or « is 
used in a formula, you now know how to calculate one when 
given the other and the size of the wire. If, then, we 
have a spring made of wire whose radius is r, and if the 
radius of the coils as measured to the centre of the wire 
from the axis of the spring is a, we see that when w is the 
greatest weight with which the spring may be elongated 
without producing a permanent set, 

w-i-HT w 

being independent of the length of wire employed. 

From Art. 92 we see that if n is the modulus of rigidity 
of the material, a the greatest angular twist in radians 
which we can give to a wire of radius r inches and length 




m being what W8 have previously measured or calculated. 
* la approximately known for a material from Table III., or 
a may be found by experiment for a given wire; and 
whether i or x is used in a formula, you now know how U 
calculate one when given the other. 

Putting the result of our reasoning in Art. 164 into 
algebraic form, we see that a load, w, will elongate t 
spring by the amount 



Combining (2) and (4), wo see ttut when a spring i 
stretched to its elastic limit, the mechanical ■ 
op in it, which is called its " railienct," being half t 
product of w into the elongation, is 

168. Many interesting methods may be taken to express 
in words the meanings of these results. Thus, the second 
expression in (5) shows that the work which we can store 
Up in a spiral spring is simply proportional to the weight 
or quantity of muicrinl in it. It would be easy to show 
that wo can store more energy in a spring formed of w 
circular section than in one of equal weight of the 
material whose wire has any other than a circular section. 

189. The following readings, of oar formula* may prot 
to be useful : — 1st. If r, the radius of the wire, and a, that i 
the coils, be fixed, the elongation produced by any weight, 
w, will be proportional to (, the length coiled up to form the 
spring. 2nd. If a wire of a certain length and radius lie fji vt-n 
to form a spring, the elongation produced by a certain 
weight, w, will bo proportional to the square of the radius 
which we may adopt for the coil. 3rd. If the radius of the 
wire be fixed, and the length of the spring when closed, so 
that the coils may touch one another, or, what is the sum.-, 
the number of coils be also fixed, I must tie pro pcirtio rial 
to a, and therefore the elongation due to a weight, W, 1 "" 
be proportional tu the third power oi the radius which 



3 

3 
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may adopt for the coil. 4th. Tf the leng/h of the wiro 
and the radius of the coil be fixed, the elongation due to 
a weight, w, will be inversely proportional to the fourth 
power of the radius of the wire which we may adopt. 
5th. With a given weight of metal and a given radius of 
the coil, the elongation due to a weight, w, will be propor- 
tional to J 3 , or inversely to r*, since I must be proportional 

to -• 

We see that the ultimate elongation is — 1st, proportional 
to the length of the wire, if the radius of the wire and 
that of the coil be fixed. 2nd, proportional to the radius 
of the coil, if the length and the radius of the wire be fixed. 
3rd, Inversely proportional to the radius of the wire, if the 
length of the wire and the radius of the coil be fixed. 

It will be found that a weight hung at m (Fig. 114) will 
tend to turn as the spring lengthens, unless the coils of the 
spring are very flat. This is due to the fact that the cross 
sections of the wire are really subjected to bending as well 
as torsion. 

170. We can cause the strain in such a spring to consist 
altogether of bending, if, without exertiug any axial force 
such as I have shown in Fig. 114, we exert a couple about 
the axis such as we exerted on the wire in Fig. 43. The 
wire in Fig. 43 would be twisted, but the wire in Fig. 114 
is subjected everywhere to bending without any twisting or 
with only a very little twisting, due to the fact that the 
coils are not perfectly flat. 

If a () is the radius of the coils to the centre line of the 
wire when unstrained, and the length of the coiled wire 
is/, then the number of coils multiplied by the circumference 
of each is the total length, so that the number of coils is 
/-r 2 *■«<>. If now the moment of ineitia of the cross 
section of the wire about the axis through its centre about 
which it bends is I, and if m is the moment which acts 
at the unfixed end of the spring to twist it, then the new 
radius, a, of every coil is ob:ained from our knowledge of 
the fact given in Art. 160. 

m = e i x change of curvature, 

orM = ei ( ), 

B being the modulus of elasticity of the material. 9 

* I is b cP + 12 for a wire of rectangular section, d being the 
dimension in inches of the section, measured radially out from the 
axis of such a spring ; I is » d* + 64 for a wire of circular section 
of diameter d. 

M 
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From this we have 

x l * «-**,! I™** 

where n was the original number of windings, and n is the 
new number of windings. But one additional winding 
means that the unfixed part of the spring has moved through 
360 degrees, or 2 x radians ; and hence if A is the 'angular 
motion of the unfixed end of the spring in radians, 

A __2lT*l 
A— - ki -. 

We see that it does not depend on the radius of the 
coils. For a spring of round wire of diameter d t the angular 
motion due to a turning moment, m, is 

A= 128 mJ-7-b<2*. 

171. From these considerations it is evident that 
a spiral spring like Fig. 115 when it lengthens 
under the action of a weight, has all its wire 
subjected to torsion. The spring itself is extended, but 
the wire of the spring is twisted. Again, if we subject 
the spring to torsion as a whole, the strain really going 
on in the wire is a bending strain. Usually, a spiral 
spring, as its coils are not perfectly flat, has its wire 
subjected to torsion principally, and a little bending as 
well, when the spring is extended ; and when the spring is 
twisted as a whole its wire is mainly subjected to bending, 
but there is also a little twist in it. The extension 
of a spiral spring is proportional to the pulling 
force, and also to the length of the wire and to the 
diameter of the coils ; it is inversely proportional to the 
fourth power of the diameter of the wire if the wire is 
round. The twist given to a spiral spring 
is proportional to the moment of the twisting forces, it 
does not depend on the size of the coils; it is pro- 
portional to the length of wire, and inversely proportional 
to the fourth power of the diameter of the wire if the' 
wire is round. 
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CHAPTER XVII. 

PERIODIC MOTION, 

172. When, after a certain interval of time, a body is 
found to have returned to an old position, and to be there 
moving in exactly the same way as it did before, the 
motion is said to be periodic, and the interval of time 
that has elapsed is said to be the periodic time of the 
motion. Thus, if a body moves uniformly round in a 
circle, the time which it takes to make one complete 
revolution is called its periodic time. 

173. When a body moves uniformly in a circle, as, for 
instance, the bob of a conical pendulum (see Glossary, 
Art. 236), if we look at it from a point in the plane of its 
circle, it seems merely to swing backwards and forwards in 
a straight line. Thus, it is known that Jupiter's satellites 
go round the planet in paths which are nearly circular, 
but a person on our earth sees them move backwards 
and forwards almost in straight lines. Now if we were 
a very great distance away from the bob of a conical 
pendulum in the plane of its motion, we would imagine 
it to b moving in a straight line, and the motion which 
it would appear to have — slow at the ends of its path, 
quick in the middle — would be a pure harmonic motion. 
To get an exact idea of the nature of this motion — in 
fact, to define what I mean by pure harmonic motion — 
draw a circle ao'lo" (Fig. 116), and divide its circum- 
ference into any great number of equal parts. Draw the 
perpendiculars b'b, c'c, «kc, to any diameter. Now, if 
we suppose a body to go backwards and forwards along 
AOL, and if it takes just the same time to go from a 
to B as from b to C, or from any point to the noxt^ th&& 
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its motion is said to be a pure harmonic motion. This 
sort of motion is nearly what we observe in Jupiter's 
satellites ; it is almost exactly the motion of the bob of 
any long pendulum or the cross head of a steam-engine ; 
it is the motion of a point in a tuning-fork, or a stretched 
fiddle-string when it is plucked aside and set free; of 
the weight hung from a spring balance when it is 

vibrating ; of a 
cork floating on 
the waves in 
water; and of the 
free end of a rod 
of metal when 
the other end is 
fixed in a vice 
and the rod is 
j: KJ[t set in vibration ; 
it tells us in all 
these cases the 
nature of the mo- 
tion, when such 
motion is of its 
simplest kind. 
Thus, for exam- 
ple, a cork float- 
ing on water may 
really have a very complicated motion, but if the wave 
in the water is of its simplest kind, the cork goes 
up and down with a pure harmonic motion. If you 
study the figure which you have drawn, and then 
watch the vibration of a very long pendulum, you will 
learn about this kind of motion what cannot be learnt 
by reading. 

174. Now let me suppose that the body takes one 
second to go from A to b, or from b to c, or from any 
point to the next in Fig. 116. Then the length of A B 
in inches represents the average velocity between the 
points a and b, and in the same way we get the average 
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velocity anywhere else. Thus 
the woodcut, is drawn I find 


in the 


figure from which 


Velocity from to 
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175. Ton will observe that the velocity increases as 
the body approaches the middle of the path, and 
diminishes again as it goea away from the middle. Now 
the increase in the velocity of a body every second is called 
its acceleration, and I want you to observe what 18 the 
acceleration at every place. You see that the velocity 
changes from '34 to 1-00 near B in one second— that 
is, the acceleration near B is '66 inch per second per 
second. Similarly subtracting 1 '00 from 1 -59 we find the 
acceleration at c to be 0'5'J, and so on. Now make a table 
of these values, and place opposite them the distances of 
the points B, c, Arc, from the centre. In this way I 
find from my figure the following Table of Values : — 







Displacement 


Distance homo to 


Acceleration >t 


Acceleration, 


B 


a 9-66 


R id 0'66 


14 a 






is 0-59 


14-7 




a 7-07 


d is 0-18 


H-7 




j 5 00 


i is 0-34 


14-4 


F 


a 2-S9 


f is 018 


14-4 












a 2-59 


o U 0-18 


14*4 




is fi'00 


K is 0-34 


14-4 




* 707 


i id 0-48 


14-7 




a a-f.fi 


l is 0-S9 


14-7 


" 


s 9-66 


K )B 0-66 


14-6 



From this it is evident that when the distance of a 
point from the centre is divided by the acceleration 
at the point, you get about 14'6 in every case— 
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sfoflfnticn at ■ place ii pro- 
> the distance from the centre. 
i property is characteristic of the kind of 
motion which I am describing. If, again, yon draw a 
number of figures, such as fig. 116, and divide the 
circles into very different numbers of equal parts, you 
will find that in every case the following law is true I — 
The periodic time of a pi 



that 



whi- 



rl 



6-28 



altiplied by 

of displa. 



eta 
ody is 

are r> 



ot of 



given in the third column of the above Table. Thus, in 
the Tuble we find the mean value of the ratio (adding 
all the quotient* and dividing by their number we got 
14'56) to be, let us say, 14-6. Now the square root 
of 14-6 is 382, and this multiplied by 6-2e32 ia 24 
seconds, which we see by inspection is the periodic time 
in Fig. 116. 

The acceleration is always towards the middle point — 
Ihst ia, whilst a body is leaving the middle, ita velocity ia 
being lessened, when it is approaching !he middle its 
velocity is being increased. The 
velocity at the middle is equal to 
the uniform velocity in the circle 
from which we imagine the harmonic 
motion to ho derived- that is, the 
Telocity in the middle is equal to 
3'141(1 times the distance a l divided 
by the periodic time. 

Suppose the hody to be at 0, Fig. 

y jj- 117, moving with a pure harmonic 

motion in the piith A o L. Describe 

the circle, draw qp perpeadicu 

to A L, then r is the position of a body which has c 

renpondiTij; uniform circular motion. The acre] trillion n 

a is equal to the resolved part along ol of the centripe 

mci linition at i* in the direction po, which is known li 

be v* -j- r o where v is the uniform velocity of r. 
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The resolved part of this in the direction q o is evidently 
obtained by multiplying by qo and dividing by po, and we 
get for the acceleration of Q,v 8 xQo-fPo 2 , so we see that 
the acceleration of Q. is proportional to a o. The accelera- 
tion at l or a, the ends of the path, is of course greater 
than anywhere else, being v J -rPo. 

If at any place, a, we divide the displacement by 

the acceleration, we get qo-t ^-^, or p o a -5- v 2 , and as v 

is the circumference of the circle 2 »• po, divided by 
the periodio time t, we have 



Periodic time of a pure > 2 3.^ W 
harmonic motion ) V 



Displacement 

■ t 

Acceleration 



We see then that if the force acting on a body and 
causing it to move is always proportional to the distance 
of the body from a certain point, and acts 
towards that point, the body gets a pure 
harmonic motion, and we have a rule for 
finding the periodic time. 

176. Example. — In Fig. 118, a is a ball 
of lead weighing 20 lbs. carried by means 
of a spiral spring whose own weight may 
be neglected, let us suppose. Find by 
experiment how much the spring lengthens 
when we add 1 lb. to the weight of a 01 
shortens when we subtract 1 lb. from the 
weight of A. Let it lengthen or shorten 
0*01 foot Evidently, if ever a is -0 1 foot 
upwards or downwards from its position- of 
rest, it is being acted upon by a force of 

1 lb. tending to bring it to its position of 
rest. We know also (see Art. 171) that if 
a is 0*02 foot or 0*03 foot above or below 
its place of rest, there is a force of 2 or 
3 lbs. trying to bring it back. We see 
then that the up and down motion of 
A must be pure harmonic. When the 
displacement is, say 0*02 foot, the force acting on A is 

2 lbs., and the acceleration of A is force 2 -r mass of a, 




Fig. 118. 
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and as the mass of a is 20 -=- 32*2, or 0-621, the acceleration 
of a is 3 -22 feet per second jier second when it is displaced 
002 foot from its middle position. Now employing the 
rule given above, divide 0*02 by 3*22 and extract the 
square root, then multiply by 6*2832, and we get 0-495 
second, or about half a second as the periodic tune of 
the swinging balL If you make experiments yon will 
find that, unless the coils of the spring are very flat 
indeed, and the rigid support of a exactly in the axis, 
the ball has a tendency to turn and to vibrate laterally, 
which will somewhat disturb your observations if you are 
making careful measurements of the length of swing. 

177. Example. — The Simple Pendulum. — A simple 
pendulum consists in an exceedingly small but heavy body 

susjiended by means of a long 
thread whose weight may be 
neglected, capable of swinging 
backwards and forwards in short 
arcs. Thus, in Fig. 119, 8 is the 
point of sus]>ension, s P a silk 
thread, p a small ball of lead, p 
will move backward and forward 
along the path aol with a motion 
which is pure harmonic, provided 
the thread is so long and A L so 
short that A L may be regarded as 
nearly straight, because the force 
acting on the ball at any time in 
the direction of its motion is pro- 
l>ortioual to the distance of the 
ball from o. To show that this 
is so, resolve the vertically acting 
weight of the ball in the direc- 
tion of its motion along A o. You find that it is 
not quite proportional to A o unless A o is very nearly 
straight, but if this slight discrepancy is neglected the 
force urging the ball towards o is the weight of the ball 
multiplied by o a and divided by s A, the distance from 




Fig. 119. 
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the point of support to the centre of gravity of the 
ball. As a matter of fact, the nature of 
the vibration does not depend on the mass 
of the ball; but, to fix our ideas, let us suppose that 
the weight is 2 lbs., then the mass of the ball is 2 -f 32*2, 
and acceleration along A o is the force -f mass, or 

8 A the force ^ ^x the mass, so that the acceleration 

is 32-2 x a o*8 a. 

Now our rule is to divide A o by the acceleration at 

A, and this gives 0^2 > ex * rac * * ne square root, and 
multiply by 6*2832 for the periodic time of oscillation of 

the pendulum. The general rule for a simple pendu- 
lum swinging in short arcs is then : 

Time 0/ a complete oscillation^ 6' 2832 <\/ m9 * 0J J.^' " ttm 

The time of one swing is half this. The number 32*2 
expresses the effect of the force of gravity at London. At 
any other place on the earth's surface it would be different 
— that is, at different places on the earth a 
given pendulum has different times of 
oscillation. For instance, a pendulum taking 2 
seconds for a complete oscillation at Paris, that is, taking 
1 second for one swing, called a seconds pendulum, if 
swung at Spitzbergen would gain 94 seconds per day, 
and if swung in New York would lose 30 seconds per 
day, provided the pendulum did not alter in length in 
being taken from one place to the other. Evidently 
when a pendulum gets longer it oscillates 
more slowly; hence in summer, when the pendulum 
of a common house-clock expands with heat, it goes more 
slowly, and in winter it goes more quickly, unless the 
position of the bob is adjusted. A pendulum which is 
self-adjusting — that is, which is so constructed that it 
remains of the same length whatever be the temperature — 
is called a compensation pendulum. 

178. Example. — In Fig. 120, b represents a strip of 
Steel fixed firmly in a vice at c, with a heavy ball A 



d u its fit* extremity, find tfae force ii 
which will increase the deflection of a by 0-01 foot : 
U«t it is 1 Hi. We know that a farce of 2 or 3 ttm. will 




PBACTIC.lL HECH ASICS. 




# 



Fig. im 



a increased deflectinn of twice or three times this 
amount, and as the force acting on the hall in »nj position 
is proportional to its distance from its position of rest, the 
ixtli will swing with a pure harmonic motion. 

mil inL'l'ii the weight of the stripof steel, and if the 
is small in comparison with the length of the strip, 
time of vibration may 1-e calculated in exactly the 
way as that of the ball in Fig. 119. 

179. Example, —Suppose that n c {Fig. 121) is 
bent glass tube of uniform section containing a liqu 
which can move without friction in the tube. If the 
liquid he disturlied so that the level is higher in B than 
in c, it will continue to swing about its I'Ositit.m of equili- 
brium, that is. the jiosition in which the 
liquid is at the same level in both limbs 
of the tube. Thus, if c is -01 foot below 
the proper level, and b is -01 foot above 
this level, the force which tends to cause 
the liquid to return to its proper level 
twice the weight of the liquid OB. f 
pose the weight of the liquid is 10 
per foot in length of the tube, then the 
force ucting on the liquid is "02 x 10, or 
-2 lb. If the whole length of tube filled 
6 feet, then the weight of liquid which 
in motion is 60 lbs., and 
.*863 ; hence the aecelt.Tut-K>u 



nose 
elii 
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or (H07 foot per second per second. The displacement 
is 01, and, working by our old rule, displacement divided 
by acceleration is 0935. The square root of this is 
•3058, and multiplying by 6*2832 we get 1*92 second as 
the periodic time of the oscillation. 

You will find it easy to prove that the liquid 
swings in the same time as a simple pen- 
dulum whose length is half the total 
length of the liquid in the tube, and that 
it is the same whatever be the density of 
the liqui d — that is, whether it is mercury or water. 

If w lbs. is the weight of liquid per foot in length of the 
tube, if d is the displacement o b or o c, the force causing 
motion is 2 d w. If a is the total length of liquid in the 
tube, the weight of liquid moved is a to, and its mass 
is a w -r- g, if g is 32 -2, which represents the effect of gravity. 

Hence the acceleration is 2 d w -f- ". or — ^, and the 

q a * 

displacement divided by acceleration is d ~ — ^, or £- 
so that the periodic time is 2 x kj y • ■£-• 

180. It will be observed that in all these cased of 
vibration of bodies there is a continual conversion going 
on of one kind of energy into another. At each end of 
a swing the body has no motion ; all the energy is there- 
fore potential, whether it is the potential energy of a lifted 
weight or the potential energy of strained material. In 
the middle of the swing the body is going at its greatest 
speed, and its energy is kinetic. At any intermediate 
place the energy is partly potential and partly kinetic, 
but the sum of the two remains always the same, 
excepting in so far as friction is wasting the total store. 
Now in time-keepers the office of the mainspring is 
to give just such supplies of energy to the balance as are 
necessary to replace the loss by friction ; and we have to 
ask the question — At what part of the swing 
of a pendulum or balance can we give to 
it an impulse which shall increase its 
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store of energy withont disturbing its 
time of oscillation! The answer is this. If a blow 
is given to the bob of a pendulum when it is just at its 
lowest point, energy is given to the pendulum ; we give 
it power to make a greater swing, bat the time which ii 
will take to make this greater swing is just the same as 
the time it would have taken for a smaller swing. This 
middle point is the only point at which we can give an 
impulse to the bob without altering the time of its 
swing. In the lever escapement, and in other detached 
eseapements of watches, the impulse is always given just 
at the middle of che swing. 



CHAPTER XVIIL 

OTHER EXAMPLES OF PERIODIC MOTION. 

181. When the periodic motion of a body is not pure 
harmonic, we find that by imagining the body to have 
';wo or more kinds of pure harmonic motion at the same 
time we can get the same result. Thus, it is known that 
a float, employed to measure the rise and fall of the tide 
by marking on a moving sheet of paper with a pencil, has 
a motion which is periodic and not pure harmonic. Thus, 
if horizontal distances represent the motion of the 
pa) mr (unwound from a barrel by means of clockwork), 
and therefore represent time, and if vertical distances 

mean the rise or fall of 
water-level in feet, we 
get such a curve as is 
Fig. 122. shown in Fig. 122. 

Now this is not a pure 
harmonic motion, for if you plot on squared paper the 
distances o a, ob, oc, o d, o e, of, &c. (Fig. 116), for 
<«qual intervals of time, you will get a curve like Fig. 123, 
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which is easily recognised, and is called a curve of sines. 

But it has been found that if you take certain curves of 

sines whose periodic times are — 1, the semi-lunar day ; 

2, the semi-solar day, 

and some others, and 

draw them on squared 

paper, and add their 

ordinates together, you 

will get the curve shown 

in Fig. 122. In the very Fi«. iss. 

same way you can com- 
bine pure harmonic motions to arrive at any periodic 

motion, A good way of combining pure harmonic 
motions experimentally 
is to let a body hang 
ttt from a string which 
passes over two or more 
movable, and the same 
number of fixed, pulleys. 
These pulleys are pivoted 
on crank pins, and their 
pivots are made to re- 
volve at any desired rela- 
tive speeds, and each 
gives to the body a pure 
harmonic motion by its 
action on the string. 
The body gets a motion 
compounded of the mo- 
tions of the pulleys, and 
if it is an ink-bottle or 
pencil pressing on the 
paper on a revolving 
paper roller, we get a 
time curve of the periodic 
• is*. motion. This is the prin- 

ciple of the construction 
Thomson's Tide Predicting Machine. 
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182. When a body can swing « 
influence of forces which have no tendency to move it 
except in a direction due east aud west, and if forces act- 
ing due north and south can make it swing in their 
direction, then Iwtii sets of forces acting together on the 
body will give it a motion compounded of the two 
simpler motions. Thus, a ball a (Fig. 124) is suspended 
by a string, pa, which is knotted at p to two other 
strings, P 8 and P s', equal in length, and fastened at a 
and s'. The ball may swing in the direction n S as if 
it were the bob of a pendulum hung directly from the 
ceiling at p', but it may also swiug in the direction e o w 
at right angles to N o f , and if it does so it swings as if the 
point p were the fixed end of the pendulum a p. When 
it swings under the influence of the two sets of forces 
tending to make it move both ways at once, the motion 
of A is compounded of the other two simpler motions. 
If PA is one-:|Uarter of the length op', then the east 
j „ and west swing takes 

half as long as the 
• north and south swing. 
'If pa is one-ninth of 
op', then the east anil 
west swing fcikes one- 
third as long as the 
north and south swing. 
The motion of a is 
sometimes very beauti- 
ful, and the experiment 
is easily arranged. 

183. The motion is 
quite easily represented 
on paper. Tims, in Fig. 
1 i!.">, a' m is the north 
and south direction, and a m, at right angles to it, is the 
east and west direction. Let the points 0, 1, 2, i&a, i: 
each of these lines l.e found as in Fig. 110. Let the b 
be supposed to go from to 1 i 
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it goes from to 1 in A M. You will observe that I have 
twice as many points in a M as in a' m, showing a slower 
oscillation in the direction a m. You can begin to number 
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Fig. 126. 

your points anywhere, remembering that when the bob 
completes its range it comes back again in the opposite 
direction. Now put marks where the east and west 
lines meet the north and south ones, drawn through 
corresponding points. It is evident that the curve 
drawn through these successive marks is 
the real path traced out by the ball when 
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acted upon simultaneously by the two sets of forces ur ging 
it in a north and south, and an east and west direction. 

If you have the aame number of points in a'm as 
in am, you will get a circle, ellipse, or straight line, 
as in a, B, c, Fig. 126. This represents the motion of a 
conical pendulum free to swing in every direction. Again, 
D, E, F, and many other curves that might be drawn, 
represent the case which I took up in fig. 125, where one 
vibration is twice as quick as the other. If the time of 
vibration in a m is to the time of vibration in a' m as 2 
to 3, we get curved paths like G, i, j, and so on. In 
experimenting with the pendulum, Fig. 124, it will 
usually be found that slight inaccuracies in the lengths 





Fig. 127. 

of the cords will cause a continual change to go on in the 
shape of the path traced out by the ball 

We can produce these motions by spiral springs, and 
in other ways. Thus, for example, if we use instead of 
i/he strip of steel, in Fig. 1 20, a combination of two strips, 
I* and b', as in Fig. 1 27, so that the heavy bright bead a 
is capable of vibrating in two directions at the same time, 
you will get the same combinations of pure harmonic 
motions, depending on the point at which B is held in 
the vice c. 

184. When a body has a periodic rotational motion 
about an axis like the balance of a watch or a rigid 
pendulum, we must no longer speak of the force causing 
motion, and the mass of the body, and the distance 
of displacement ; but if we substitute for these terms, 
moments of forces, moment of inertia of the body and 
angle of displacement, we have exactly the same rule for 
finding the periodic time of oscillation. The periodic 
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time is 6*2832 times the square root, of the angular 
displacement of the body at any instant, divided by the 
angular acceleration at that instant. And we know 
that angular acceleration may be calculated by dividing 
the turning moment acting on a body by the moment 
of inertia of the body. A point in the balance of a 
Watch swings in circular arcs, but if you only take 
account of the distances which it passes through, and 
suppose it moved in a straight line instead of in the arc 
of a circle, the motion is very nearly pure harmonic. If 
there were no friction or other forces acting on the 
balance except the turning moment of the balance 
spring (see Arts. 162-3), and if the moment of the spring 
were always exactly proportional to the angular dis- 
placement of the balance, the motion would be pure 
harmonic. 

We saw in Art. 162 that the turning moment of the 

spring is -t-qjA, if e is modulus of elasticity of the 

spring, b its breadth, t its thickness, and I its length, and if 
A is the angular displacement in radians. 

Angular acceleration is this moment divided by moment, 

of inertia i of the balance, or \qt ^ 

Hence, angular displacement a, divided by angular 

1 2 I i 

acceleration, is _ b(3 , so that the periodic time of the 

balance is 

/l 2 1 1 
T = 6-2832 ^ "ins 

Increasing tlie moment of inertia of the balance or the 
length of the spring makas tlie vibration slow. Increasing 
tlie breadth and, what is still more important, increasing 
tlie thickness of the spring makes the vibration quick: As 
we saw in Arts. 162-3 that our calculation of the turning 
moment of the spring is not quite right, that the dimen- 
sions of the balance and spring alter with temperature, 
and. that above all the elasticity of the steel alters with 
temperature and with its own state of fatigue, the 
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of ineitia 
such 



xik ! would be equal 

it cmBed tWmfia» of gyration of the 
141,, and oar rale now becomes, 

t = 6-^Wy »a* 

where f it 32-2. 

In the simple pendulum, s k and 8 o are equal, and if 
too make them equal you win find this to be the same rale 
which is given in Ail. 177. Howerer, in an ordinary 
pendulum, s a. and s 6 are not equal, hot a k 3 -£-s o is equal 
to some length sach assr, and oar rule becomes 

t = 6-2832 jkl— (3) 



V* 



Evidently s p is the length of the immf wrnry simple 
pendulum which would ribrmte t» the ernme time at our real 
pendulum. . The imaginary point p has been called the 
centre of oscillation, because when the pendulum is inverted 
and made to vibrate about an axis through p it vibrates in 
the same time as before.* 

* To prove this it is necessary to return to equation (1). We know 

that I is equal to the moment of inertia of the body calculated as if 

all its mass existed at G, together with the moment of inertia of the 

body as it is at present, but calculated about an axis through o 

parallel to the present axis — that is 

w w _ 

I = - s o« + - & 

g 

where h is some length unknown to us just now, being the radius 

of gyration about the axis through the centre of gravity. Rule (1) 

becomes 



T = 6*2832 



or T = 6*2832 



VHso»+^fc« 
I i— 
W-8 G 

— IT 



That is, the length of the simple pendulum which will vibrate in the 
sumo time is 8 0+ g(} and we have already found it to be 8 p in 

"luation (3), so that o P = k *> or a Px 8 a = * 2 . But in the very saim* 

so •* 
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186. Examples.— The bar of Fig. 129 with two adjust 
able masses may be hung at one end of a wire, the other 




Fig. 129. 

end of which is fixed to the ceiling. By twisting and 
untwisting the wire the bar will oscillate with a motion 

way, if we considered the pendulum as vibrating about p, we should 
find the length of the equivalent simple pendulum to be greater than 

g p by an amount equal to — , and we know that s G is equal to this 

amount, so that s P would as before be the length of the equivalent 
simple pendulum. The axes of oscillation and suspension are therefore 
interchangeable^ 




itimce from the axis (there is an engraved scale on t 
lp), so that, the moment of inertia can be varied. 
i fasten the liar jit the eml of a wire, or the; can » 
.- h in Big. 130, with a flat spiral spring, or as in F; 
I'i'.t, with a (.'viindric spiral spring; and the rate of i 
rflwmtion gives one of the lest ways of investigating t 
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twisting moments of wires and such springs when strained 
through given angles. 

In the case of a wire the twist always tends to bring 
the bar to its position of rest with a moment which 
is proportional to the angle of displacement from this 
position — it is this property which causes the motion 
to be pure harmonic. This moment is also proportional 
to the fourth power of the diameter of the wire, and it 
becomes less as tlie length of the wire is increased. By 
means of a circular scale and a pointer we can measure 
the extent of each swing, and this is found to decrease 
gradually, due to friction with the air and the internal 
friction or viscosity of the metal. The amount of 
diminution of swing gives us a means of determining 
the viscosity, and the apparatus can so easily be fitted 
up, that no person who wishes to understand the pro- 
perties of materials can be excused from making these 
experiments. 

If the length of the wire is I inches, its diameter d } 
and if n is its modulus of rigidity (see Tahle III.), 
then from Art. 92 we see that the moment with which 
the wire acts on the bar, when its anglo is A from the 
position of rest, is 

32 W I ^' 

If the moment of inertia of the bar is I (we are 
neglecting the fact that the wire itself has some mass 
which has to be set in motion), then the moment, divided 
by i, is the angular acceleration, and using this quotient as 
denominator and a as numerator, extracting the square 
root, and multiplying by 6*2832 or 2v, by the general rule 
of Art. 184, we find the square of the period of a complete 
oscillation to be 

a 128 v i 1 

When motion is slow, the friction in fluids is propor- 
tional to the velocity, and any friction which follows this 
law is called fluid friction. A great many vibrating bodies 
tend to come to rest by the action of such friction as this ; 
and it is found that if the friction is proportional to the 
angular velocity, then the logarithm of the ratio of the length 
of one swing from the middle position, to the next swing in 
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the same direction, is nearly equal to k times the periodic 
time. Hence, this logarithmic decrement, as it is called, is 
proportional to the friction co-efficient. . If we observe 
twenty-one elongations on one side of the middle position, 
then one-twentieth of the logarithm of the first elongation 
divided by the last, is k times the periodic time of oscilla- 
tion. 

Exercise. — Bifilar Suspension. — In many measuring 
instruments a body is suspended by two thin wires 
nearly vertical. If the vertical length of each of these 
is /, the distance between their ends at the top, «, and at 
the bottom, b, and the weight of the body, to, it is easy 
to show that for a small angular displacement, a, the 
moment tending to bring the body to its position of rest 
is very nearly (neglecting tension of the wires themselves) 

tab 
-j-iOA. 

Find the time of vibration of such a body when its moment 
of inertia is known. 

Exercise. — A magnet, turning on a frictionless pivot at its 
centre of gravity, is subjected to a turning moment, ha, 
due to the earth's magnetic action, if it makes only a small 
angle, a, with its position of rest. Find the time of a 
vibration if the moment of inertia is known, and show 
that the square of the time of vibration 
of the magnet in different places is in- 
versely proportional to h. 

187. Stilling of Vibrations. — When a pure harmonic 
motion is represented on paper in the manner described 
in Art. 181, we have a curve of sines. The curve may 
be obtained by producing the lines bb', cc', <fcc., of Fig. 
116, cutting them at right angles by equi-distant hori- 
zontal lines and joining the successive points of inter- 
section so found. It may also be drawn by finding from 
a book of tables the sines of 0°, 10°, 20°, <fcc., and 
plotting and sin 0°, 10 and sin 10°, 20 and sin 20°, 
&c, on a sheet of squared paper. 

A curve of sines expresses the fact that, if d represents 
the displacement of a vibrating body from its middle 
position after an interval of t seconds since it was at the 
middle of its course, then 

d = a sin b t 

where A is the greatest displacement oi We \*A^ from its 
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middle position. This displacement is usually called the 
amplitude of the vibration. 

If t is the time of a complete vibration, it is easy to see 
that the equation is 

T 

If we make the bob of a pendulum terminate below, 
in a tube which can act as a pencil holder, and in which 
a well-fitting pencil can slide freely, and if we move a 
sheet of paper at a uniform rate underneath this pencil 
at right angles to the direction of motion of the pencil, a 
curve of sines will be traced out> if the pendulum swings 
without friction. But in practice we always find that, 
what with the friction at the point of support, friction 
with the atmosphere, <fcc., a pendulum's swings get 
smaller and smaller, that is, the amplitude of the 
vibration gets less and less as time goes 
on, until the pendulum at length comes 
to rest. 

This motion is not a pure harmonic motion, but within 
certain limits each swing may be regarded as very nearly 
a pure harmonic motion. Practical men who deal with 
oscillating bodies, such as pendulums, ships, tuning forks, 
magnetic needles, and suspended coils of wire, usually 
assume that the motion during each swing is a pure har- 
monic motion. The frictional resistance to motion of any 
ordinary vibrating body in a fluid medium, or of a magnetic 
needle vibrating near any body capable of conducting 
electricity, is almost always such that the quicker the 
motion the greater the friction (see Art. 244), that is, fric- 
tional resistance is proportional to speed, and in this case it 
is not difficult to show that instead of the law 

rf=Asin 2 -^< (1), 

we have the law 

d = A c "* sin — t (2). 

That is, if the strength of the spring or other governor of 
vibration, and the character of the vibrating body are such 
that without friction the law would be (1), then, when the 
vibration is damped by frictional resistance of the above 
character, the law of the motion becomes that given by 
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equation (2). Here k is a constant which depends on the 
character of the friction. Thus k is greater when a pen- 
dulum swings in water than when it swings in air. Also, 
Ti, the periodic time of the vibration, is no longer the same 
t as it was for undamped vibrations, and the relation 
between t and t x is 

U — ^Tt + r* ( 3 ) 



or if n is the number of undamped vibrations per second, 
and n x the number of damped vibrations per second, then 

"'-"i' + st* • <*>• 

In order to get exact ideas on this subject of the damping 
of vibrations, the student ought to plot on squared paper a 
curve such as oa'bVd'e'f'oVi, Fig. 131, which cor- 
responds with equation (2). Thus, let us suppose that a 
body undamped in its vibrations gets an impulse which 
sends it from its position of rest in such a way that its 
amplitude is 10 inches, and let the time of a complete 
oscillation be 1*6 second. Then the law of its motion 
would be 

. 1A . 6-2832 . 
d = 10 sm_- *, 

or 

d = 10 sin 3-927* (5) 

where d is in inches, * in seconds, and the angle 3*927 t in 
radians (see Glossary, Art. 230).* 

If now the friction is such that k = 0*7, we find from (3) 
that the time of a vibration is practically unchanged. Find 
therefore the original curve of sines by calculating the 
second column of the following table. The numbers of the 
first two columns plotted on squared paper would represent 
the undamped vibrations. But for damped vibrations the 
numbers of the second column have all to be multiplied by 

€ -0 '', and if we denote this multiplier by the letter x, we 
see that 

x being e"^ 7 * 

log x a -0*7* log t, 

or log a? = -0-304*. 



We may write (5) in the form 

d = 10 sin 225*. 
this case the angle 225* is expressed in degrees. 
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I have calculated x for the various values of t t and placed 
the results in the third column. Multiplying, therefore, 
the respective numbers of the second and third columns 
together, we get the fourth column of numbers, and plotting 
the numbers of the first and fourth columns on squared 
paper, we find the curve which shows the 
nature of the damped vibrations. 
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Some students may find it as instructive to first draw 
a curve of sines, then draw the logarithmic curve, corres- 
ponding to column three, on the same sheet of squared 
paper, and multiply the ordinate of one curve by that of 
the other to get the ordinate of the real curve which 
exhibits the damped vibrational motion. This is what 
has been done in Fig. 131 ; oabcdefghi is 
the curve of sines, LP (J is 



the logarithmic 



curve, 
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showing how rapidly the amplitude of the vibration 
diminishes, and o A 7 b' c' d' e' f' g' h' i is the curve 
which represents the actual motion of the vibrating 
body. In this figure the logarithmic curve is drawn to 
such a scale as seemed convenient for showing its pro- 
perties distinctly. It would be very easy to dilate on 
the nature of the resulting curve o a' b' <fec, but this 
book is written to help students who are earnest enough 
to calculate the above numbers and plot the curve, and 
when they perform these operations they will have very 
clear notions about the motion we have been investigating, 
so I think it would be mistaken kindness on my part to 
describe it further. 

Exercise. — A heavy disc, suspended by a wire, vibrates 
in each of a number of fluid media, its periodic time of 
vibration in all being sensibly the same, or 1-5 second. 
The ratio of the amplitudes of two successive swings in one 
direction being 0*9 in one fluid (that is, the second swing 
being only nine-tenths of the first, and the third being only 
nine-tenths of the second, and so on) and '8 in another 
fluid, and 07 in another, what numbers will express the 
relative viscosities of these fluids ? 

Here we have 

0*9 = f' 1 ' 5 * for the first fluid, 
so that -log 09 as 1 '5k log e, 

. -log 0-9 

or * =-n^ — , 

1'5 log r 

that is h = 0-07. 

In the same way k = 0*15 and k = 0*24 for the other 
fluids, and hence 7, 15, and 24 are the required numbers 
expressing the relative viscosities, as measured by the 
vibrating disc method. 

A very slowly swinging disc and pointer will enable 
you to plot the complete curve from actual observations. 
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188. * Have you ever considered how it is that a blow 
of a hand hammer will indent a steel surface, whilst a 
steady force applied to the same hammer-head would 
require to be very great to produce any indentation I 
The pressure between the hammer and the steel i 
great, and it must be all the greater because the time o 

Ltact is very short. Indeed, if a hammer weigh? 
so that its mass is 2 ^ 32-2 or -0621, and if, just 
touching the steel, its velocity was 10 feet per 

md, then you know from the principles of mechanics 
that its momentum was 10 x ■0621, or -621. Now, 
one-ten- thousandth of a second ellipses from the time o 
actual contact until the hammer's motion is destroyed— 
that is, until the elasticity of the steel is just about ti 
send the hammer back again a little — the momentum 
■621 is destroyed in '0001 second, heuce the average 
force acting between hammer and steel during this short 
time must have been -621 * ■0001, or 6210 lbs. " 
certain, however, that this average force is less thau 
what the force actually was for some very small portio 
of the. time. You will observe then that we cannot 
tell the average force of an impact unless we know 
two things — tirst, the momentum, and second, the time 
in which it was destroyed. Now the duration of 
an impact depends greatly upon the nature of the 
>jects which strike one aimttii.T, find we see that the 
tge force of a blow is less as the time is greater. 
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Sometimes, instead of a great force acting for a very 
short time, what we require is a smaller force acting for 
a longer time. For instance, when cutting wood we 
obtain this result by using a wooden mallet and a chisel 
with a long wooden handle, because the force required to 
make the chisel enter the wood is not very great, and we 
wish this force to act for some time, so that much wood 
may be cut at one blow. In chipping, we have the time 
short, because considerable force is required to cause the 
chisel to enter metal. The duration of an impact de- 
pends on the shape of the bodies and their masses, and 
on the rigidity of their materials. 

Why is it that in driving a nail into wood your 
blows seem to be of no effect unless the wood is thick 
and rigid or unless it is backed up by a piece of metal 
or stone 1 It is because the wood yields quite readily, 
and so prevents the hammer losing its momentum 
rapidly. There are few subjects in which people are so 
apt to have erroneous ideas as in this one of impact. 
Thus a man will speak of the f wee produced by a weight 
falling through. a height without having any idea of the 
time during which the motion of that weight is being 
stopped, in fact, without considering what time the 
weight is allowed for delivering up its energy. Now, a 
little consideration will show that the mean force of the 
blow will be quite different according as the weight falls 
on a long and yielding bar or on a short and more 
rigid one. If we could imagine bodies to be formed of 
perfectly unyielding materials, then the slightest jar of one 
against the other would produce an infinitely great pres- 
sure between them, and in the blow produced by a falling 
body there may be every gradation from exceedingly great 
pressures to very small ones, depending on the yielding 
power of the body that is struck. Everybody is acquainted 
with the sensation produced by suddenly placing one's 
foot on a level floor when one was preparing for a step 
downwards. The downward momentum of the body 
is suddenly destroyed, and great pressures have to acfc 
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in all the l-ones of the body. Carnages are hung t 
springs for the purpose of preventing their losing i 
gaining momentum with too great rapidity when t' 
i-ajringe wheels pass over obstacles. When we a 
on a hard seat in a third class railway compartment, a 
the carriage gets a slight, jerk upwards, momentum i 
given much too rapidly to our bodies for perfect coinfur 
and to sit on cushioned seats is preferable. 
ball is safely, because comparatively slowly, stopped 1 
"i bales of cotton. 

189. Example. — A pile driver of 300 lbs. foils through 
a height of 20 feet, and is stopped during - l second, 
what average force does it exert upon the pile \ A body 
which has fallen freely through a height of 20 feet has ac- 
quired a velocity equal to the equal* root of 64-4 x. 20, or 
35-89 feet per second. Its momentum is 300- 32*2x35-89, 
or 334-4, and this divided by 01 gives 3,344 lbs., 

From the instant when the motion of the 
driver cease3 to diminish, the force exerted by it is its 
l weight The average force of friction in pounds 
. the pile and the ground multiplied by the 
distance in feet through which the pile descends during 
the stroke is equal to 300 * 20, or 6,000 foot-pounds, it 
we neglect the loss due to vibrations of the body and the 
ground in the neighbourhood, and if wo also ignore the 
fact that the weight really descends a little farther than 
20 feet. 

190. Suppose a body A to strike another n, and that 
e can neglect the aetionB of outside bodies upon them 

both. If a loses momentum, b must g 
amount because t h e i i 
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r knowledge of this fact that enable 
us to calculate the motions of bodies after they strike o 
another. Again, tor tl>'> same reason, if from any ii ' 
cause the parts of a body separate from one anoth 
either violently or gently, the total momentum remai 
"s only the relative momentum which alto 
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Hence, when a shell bursts in the air, some parts move 
in the same direction more rapidly than before, but 
others less rapidly; one part may double its velocity 
and another may drop nearly vertically, its forward 
motion being stopped, but, on the whole, the total for- 
ward momentum is what it was originally.* 

191. Examples, — If a cannon were perfectly free to 
move backward when the shot leaves it, the backward 
momentum of the cannon would be exactly equal to the 
forward momentum of the shot. Thus, if a shot of 
20 lbs. leaves a cannon whose weight is 2,240 lbs. with a 
velocity of 1,000 feet per second, the velocity of the 
cannon backward would be 1,000 x 20 -r 2, '240, or about 
9 feet per second, neglecting the fact that the gases 
leave the gun also with a certain momentum. When a 
ship fires her broadside, each gun runs back, communi- 
cating, as it is stopped, its momentum to the ship, which 
heels over in consequence. A gun firing the above shot 
of 20 lbs. directly backwards from a ship whose total 
weight is 600 tons gives to the ship so much momentum 
that its speed is increased 9-600, or -015 foot per 
second. We see, then, that a ship might propel herself 
by means of her guns. The steamship Walermtch had 
powerful steam pumps, wherewith she brought a great 
quantity of water in nearly vertically, and sent it out 
backwards on the two sides below water leveL The 
momentum given to the water backwards was equal to 
the momentum given in the other direction to the ship. 
It is on this principle that Hero's steam-engine and 
Barker's mill work, the momentum given to jets of fluid 
passing out of certain pipes being equal to the momentum 
given in an opposite direction to the pipe from which 
the fluid passed. In all such cases the propelling 

* Of course the kinetic energies of the parts of the shell added 
together are greater than they were before the shell burst ; we are 
now merely speaking of the momentum. The total momentum of 
two equal bodies going in opposite directions with the same velocity 
is nothing, whereas their total kinetic energy is double that of one of 
them. 

O 
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force in pounds is numerically equal to the momentui 
the fluid which passes out in a second. Thus, W 

ving with a velocity of 14 feet per 
water comes through orifices of 4 square feet " 
a velocity (relative to the orifices) of 20 feet per 
then the quantity passing out in one second is 4 
80 cubic feet, that is 80 x 62-3, or 4,984 lbs. 
collecting that this water was first brought in 
mom 1 seat out, what is the velocity which we have 
impressed upon it in the process 1 At the begin! 
s motionless with respect to the sea ; it no 
velocity of 20-14, or 6 feet per second 
respect to the sea, so that the momentum given to 
■ mass i,BS4 + 322 multiplied by C, or 928-7 " 

this momentum is given every second, 9287 lbs. 
is the profiling force exerted ou the ship. In one 
second llie ship moves through 14 leet, bo that the 
useful mechanical work done is 14 x 928-7, or 13,002 
foot-pounds. We have given to 4,984 lbs. of water a 
velocity of 6 feet per second, the kinetic energy of this 
water is wasted, and this kinetic e-ucrgy is | of 4,984-=- 
32-2 x 6 x 6, or 2,786 foot-pounds. In fact, we have 

altogether spent 1 5,78s loot] nds, and 13,002 of this 

have been usefully employed, so that the efficiency of the 
method is 13002 ■=■ 157S8, or 0-824, or 82-4 per cent 
As a matter of fact, however, the friction in pumps and 
pipes usually causes a third of the indicated horse-power 
of the engine to Ijo wasted, so that the true efficiency of 
this method of propulsion is § of the above, or 0-549, 
54*9 per cent., neglecting the efficiency of the cylindi 
the engine itself. You will remeiiLber a fact which 
come in casually here— if the water leaves any turl 
water-wheel, or any propeller of a vessel with a vel< 
relative to the still water into which it passes, or if it 
has any other form of energy, this energy has ljeen 
wasted. After studying the above calculation, you will 

) great difficulty in understanding how we f 
the hot&e-powtv given out by tfurtoam 
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192. By calculation you will find that, when two 
free and inelastic bodies strike, the momen- 
tum communicated from one to the other 
is their relative velocity multiplied by 
the product of their masses and divided 
by the sum of their masses, and this 
quotient divided by the time of impact 
gives the mean pressure. This pressure acts 
equally on both, of course, but it may not hurt both 
equally. If the bodies are surrounded by water like 
ships, they can no longer be regarded as free bodies, 
and it is not easy to tell you in a few words how much 
mass you must add to the bodies to represent the mass 
of the water, which has also to undergo change of 
motion. In the case of a ship, the mass of water to be 
moved broadside on is much greater than when the ship 
is struck stem on. 

193. A body falling into a liquid sets it in motion, 
and this motion appears at distant places more and more 
nearly instantaneously as the liquid becomes more and 
more incompressible. The nature of this motion is 
known to us if we know the velocity of yielding at the 
place of contact, and from this the total momentum 
given to the liquid. This represents a very considerable 
pressure applied at the place of contact, and this pres- 
sure becomes greater as the velocity of the body before it 
touches the liquid increases. Hence a cannon ball fired 
at sea rebounds from the water as from a rigid body. 
Hence also a man diving unskilfully, as he falls prone on 
the water, gets a very unpleasant shock, whereas a 
skilful diver enters in such a way as to make the 
momentum of the moving water as small as possible, and 
to make the creation of this momentum gradual. 

194. Let us consider what takes place when two free 
ivory balls come together. There is a certain instant 
after they first touch when they move together just as if 
they were composed of soft clay — then they act on each 
other with their greatest pressure; they are in their 
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must strained condition, and supposing nu loss by internal 
friction, the strain in the balls represents an amount of 
stored-up energy {see Arts. 6:.', 63) equal to the kinetic 
energy which the bodies have lost It is very important to 
remember ibis fact, that if bodies are to return to their 
old states after the collision, we must suppose (bat during 
the collision there is a storage of kinetic energy in the 
form of strain. All the kinetic energy will not be given 
out again, nor can we say that it is all stored, because 
there is a sort of internal friction causing part of the 
strain energy to lie converted into heat when any change 
occurs. Now, if the whole of the stored-up energy is 
joiitined to one ]»rtion of the body, the strain may be 
too great. Tims, a steel rod 1 square inch in section, 1 
foot long, will store up 167 foot-pounds of strain energy 
in its stretched condition before it breaks. For suppo*,- 
breaking stress to be 100.00') lbs. per square inch. This 
will occur when there is a lengthening of 0033 foot, 
so that the energy stored up is the work done by a force 
whose average amount is !>0,0tj0 lbs. acting through -0033 
foot, or 107 foot-pounds. If 2 feet of the same rod 
stored up this same amount of energy, there would 
only be 83 footpounds in each foot of its length, and 
it is easy to see that the stress is no longer the breaking 
stress of 100,000 lbs. per square inch, but only 70,700 lbs. 
per square inch. As we store the same 
amount of energy in smaller and smaller 
portions of a body, it is evident that we 
must approach a condition of fracture. 

195. We see, then, that at the place where contact 
occurs, two bodies, A and E, are strained ; but if a is of 
some very elastic material, such as tempered steel, the 
strain energy is conveyed very rapidly to every part of 
the body, whereas if b is a feebly elastic body, the strain 
accumulates at one place, leaving the rest of the body 
unstrained, whilst at this place the strain may produce 1 
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be produced by the shape of the body. For 
instance, a rod struck sidewise or a thin plate struck 
in the middle does not so immediately communicate 
its strain to the remote parts as a rod struck end- 
wise. Again, the nature of the parts of A and B 
in contact may be such that not only does the strain 
energy leave this part of A rapidly, but immediately in 
the neighbourhood of the place of contact there is a 
greater capacity to bear strain energy without rupture 
than is the case with b. Thus, when ship a rams the 
broadside of ship b, the side of b is bent inwards and the 
strain energy produced is accumulated near the place of 
contact till fracture occurs, whereas, not only is a's stem 
able to transmit to all parts of a with great rapidity the 
strain energy which must be stored up in the whole 
mass, but at the stem itself the material of A is capable 
of withstanding greater stresses than the material of b's 
side. Suppose, however, that a's stem is not of steel, 
still b's iron or wooden side will be perforated if A has 
enough velocity ; a's stem may also be damaged in the 
impact in such a case. 

196. A candle may be fired, it is said, through a thin 
deal board with very little injury to its shape, and the 
usual explanation of this phenomenon given in books is 
that the candle has not time to get broken. This expla- 
nation is not satisfactory ; it is a little too vague. If we 
had the board in rapid motion, and striking the candle in 
the same relative position, the candle having previously 
been at rest, would the candle perforate the board 1 
There cannot be any doubt that it would. Hence it is not 
the body struck which must in every case get hurt ; the 
pressure on one is equal to that on the other. Suppose 
ship A rushes at ship B when B is broadside on, and 
rams her, b will probably be sunk, even if she is a much 
larger and better ship than A. But suppose that b is 
able to meet her adversary stem to stem, if they are 
equally strong they will equally injure one another, 
and if b is the stronger a will suffer the most This 
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case differs very much from that of the candle, because 
we tan Msatne greater Bieaigtli even for slowly applied 
pressures from stem to stern of the ship A than from 
side to aide of if ; whereas the strength of the candle 
for slowly applies! pressures cannot be compared with 
'hat of the wood which it punches from the board. 
What is meant by tlie usual explanation, "The candle 
i not time to get deformed J " Why has not the soft 
utdle time to get broken, and yet the wood has time to 
t torn asunder '{ The fact is, the wood, if it were slowly 
would communicate its strain energy to every 
wrt of the board aud its supports; but this communi- 
l takes an appreciable interval of time, however 
suddenly the pressure may be applied, or however gnat 
it may be. As the strain energy is rapidly produced 
it becomes accumulated near the place of contact to 
such an estent as to produce fracture of the wood. Now 

^the point of the candle is subjected (o the same pressure 
as the wood, and begins to get s[>oiled in shape — that is, 
it is compressed — and this compression produces a lateral 
spreading. In the meanlime, however, the compressive 
strain energy is communicated very rapidly backwards 
along the candle, and the spreading and spoiling goes 
on along its entire length, but is small at any point, 
since it is distributed over the whole mass. Practi- 
cally therefore the spoiling occurs only at the point 
the candle since time is needed for fracture of 
material. 

197. An earthquake, when it acts on a house, ut 
tends to move it through a distance of probably a 
small fraction of an inch, but it does this in a very sbi 
time — that is, the house gets a considerable velocity. ~ 
mass of the house multiplied by the greatest velocity 
divided by the short time during which the momentum 
heiug communicated, gives the pressure which the founda- 
tions of the huuse are subjected to. Now, when the foun- 
dations are not very rigidly connected wirli the ground, 
time of communication of the momentum is lengthi 
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and the pressure is consequently diminished. This is the 
usual Japanese plan of providing for earthquake effects. 
Unfortunately, the very means taken to diminish the 
pressure on the foundations also diminishes their capa- 
bility of withstanding pressures, and it has not yet been 
decided what sort of a house is best fitted to withstand 
destructive earthquakes. "Want of rigidity, combined 
with strength or toughness in the materials, and especially 
the quality of internal friction in the materials, so that 
vibrations may rapidly die away — these are the qualities 
needed. They are found in steel, wrought iron, and 
wood, and especially in wicker-work, in a less degree in 
cast iron and in brick or stone set in cement, and less 
still in brick and stone set in bad mortar. 

198. When you in some way understand the possi- 
bility of a candle perforating a board, you will be able to 
comprehend how sand, when blown in air against 
tempered steel, is able to abrade it ; how the emery 
wheel and grindstone going at great velocities are able to 
cut into hard metals, and how in California a jet of 
water going with very great velocity is used for mining 
purposes instead of iron tools. 

199. Quasi-Rigidity produced by Rapid Motion. — 

A top when not spinning can with difficulty be balanced 
on its point, and if left to itself it almost instantly falls ; 
whereas when it is spinning the effect of slightly tilting 
it out of the perpendicular is not to make it fall, but to 
make it take a slow precessional motion. 

There is a piece of apparatus called a gyrostat, which 
is, in a more or less perfect form, to be found in every 
mechanical laboratory, and the student ought to experi- 
ment for himself with this apparatus on the curious 
effects of quasi-rigidity which manifest themselves in 
tops and other spinning bodies. If he has a slight ac- 
quaintance with astronomy he will be interested in 
tracing the connection between the behaviour of a tilted 
top and the precession of the earth's equinoxes. 

When a circular sheet of drawing paper is mounted 
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like a very thin grindstone on an axis, and is gradually 
made to rotate rapidly, it is found to have become quite 
rigid, that is, it greatly resists bending as if it were made 
of steel. In the same way a long loop of rope, hanging 
round a high pulley, which gives it a quick motion, 
takes a certain form which it is very difficult to alter, 
as may be shown by striking it with the hand or with 
a stick : it resembles more a rigid rod than a flexible 
rope 

Again, in the well-known lecture-experiments on 
smoke rings, we see that these little whirlpools of air 
have many properties in common with elastic solid bodies 
on account of the partial rigidity which is due to their 
rapid motion. 

It would be beyond the scope of an elementary book 
like this to explain these curious phenomena, and I 
merely direct the attention of students to these instances 
in order to incite them to make experiments, and to seek 
for the explanation of what they observe. 

200. Motion Produced by a Blow. — When a body 

subjected to a blow is quite free to move in any way, 
unless the blow acts through its centre of gravity, the 
body will not merely move as a whole, but it will 
revolve. When the blow acts in a direction through 
the centre of gravity there is no rotation produced. 
It is usual in such a case to consider the motion of 
the centre of gravity of the body, and the motion of 
the body about an axis through its centre of gravity, 
for it is known that any motion whatsoever of the body, 
consists of a combination of two such motions. It is 
found that the kinetic energy communicated to a body 
by means of a blow is best calculated in the follow- 
ing way, if we know the nature of the motion : — 
First, find the kinetic energy, as if every portion of 
the body had the motion of the centre of gravity. 
Secondly, find the kinetic energy of rotation as if the 
axis of rotation through the centre of gravity were fixed 
in space. Add these two results together. We may 
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regard from another point of view the instantaneous 
motion of a body when it is struck, 
rotation about some axis which 
does not itself move. This is 
only the case for an instant ; 
immediately afterwards we must 
regard the body as moving about 
another fixed axis. If a body 
is hinged so that it can only 
move about a fixed axis, it is 
always possible to find the point 
at which the body may be 
struck, and the direction of the 
blow, which will tend to produce 
an instantaneous rotation about 
this particular axis, and there- 
fore to produce no pressure at 
the hinge. Thus the ballistic 
pendulum of Fig. 132 is always 
struck in such a way, and the 
point in which it is struck is 
called the "centre of percus- 
sion." An easy way to find the 
centre of percussion is as fol- 
lows : — Make the body vibrate 
like a pendulum, about ite axis 
of suspension, under the action 
of gravity. Now find the lengtlt 
of tlte equivalent simple jtendur 
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percussion from the -^ 
axis. In a tilt hammer all | 
blows ought to be delivered 
from this centre of percussion pig. us, 

if we wish to have no pressure 

on the bearings. A cricket-bat or a rod of iron tingles 
the hand when we strike a blow with it, unless we 
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CHAPTER XX. 

FHE BALANCING OF MACHINES. 

202. If a wheel is fixed eccentrically on its shaft, or 
if to a shaft there is attached any object whose centre of 
gravity is not exactly in the axis when the shaft rotates, 
centrifugal force causes pressures on the bearings of 

the shaft which are always in the direction of the centre 
of gravity of the rotating mass. In this case there is 
said to be a want of balance. If yon wish to observe the 
effect produced by such want of balance, mount an axle 
to which a wheel is keyed on any support which is not 
very firm ; fix a small weight on one of the arms of the 
wheel, and rotate it rapidly. You will find that, even if 
the weight is small, surprising effects are produced, and 
show themselves in a shaking of the supports ; and the evil 
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effects are four times as great at 200 revolutions per minute 
as at 100 revolutions per minute. Centrifugal 
force is proportional to the mass of a 
rotating part multiplied by the distance 
of its centre of gravity from the axis of 
rotation, multiplied by the square of the 
number of revolutions per minute. 

203. If a number of bodies are attached to a shaft and 
are whirling round with it, each of them exerts a force on 
the shaft which can be calculated, and the resultant effecton 
the two bearings may easily be determined. If the axis 
of rotation passes through the centre of gravity of all the 
rotating parts, the pressure on one bearing is equal and 
opposite to the pressure on the other, and by properly 
placing the masses the pressure on the bearings may be 
reduced to nothing. Thus it is evident that when two 
masses are directly opposite to one another on a shaft, 
their centrifugal forces may be made to balance one 
another. When not opposite they cannot be made to 
balance, but two masses may balance one which is directly 
opposed to the resultant force of the two. When there is 
neither pressure on the bearings nor tendency to change 
the direction of the axis, it is said to be the permanent 
aods of the rotating masses. All axes of rotation in 
machines ought to be permanent axes. When this is 
the case in a locomotive engine, and it is suspended like 
a pendulum bob, by two ropes fastened to the driving 
shaft, and made to work, there are no visible oscillations. 

204. The balancing of a machine consists in adding 
masses in such positions, or re-arranging the positions of 
the existing masses, so that the centrifugal forces due to 
their rotation are just able to balance the otherwise 
unbalanced forces which act on the various shafts. The 
student will find that the study of one problem in 
balancing will make him familiar enough with the method 
of calculation for its application to almost any other case 
which is likely to occur in practice. The most usual case 
for the student to take up is that of the locomotive 
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engine, because want of balance in the locomotive is 
capable of producing very serious effects indeed. 

106. ExmmpU. — It has been shown by experiment that 
the application of suitable balance weights is attended by a 
sensible redaction of resistance on railways at high speeds. 
Locomotive engines unbalanced cannot attain as high speeds 
as when balanced, with the same consumption of fuel. There 
are two separate sets of unbalanced forces acting on the 
crank shaft of a locomotive. (1.) The centrifugal force of 
the crank, crank-pin, and as much of the connecting rod as 
may be supposed, roughly, to follow the path of the crank- 
pin (say one-half of it). The mass or weight of each of 
these multiplied by the distance of its centre of gravity from 
the axis, divided by the length of the crank, gives the mass 
which, on the crank-pin, would produce the same centrifugal 
force. Let this weight be called w lbs. In designing 
engines it is better to trace out the curved path of the 
centre of gravity of the connecting rod, and calculate 
exactly the nature of the pressure which its motion produces 
on the axis, but for rough calculation we consider half the 
rod to act as if collected at the crank-pin, the other half to 
be moving with the piston. 

At the end of the stroke, when the horizontal component 
of the centrifugal force is greatest and the vertical com- 
ponent vanishes, the horizontal pressure on the axle caused 
by the centrifugal force is 

w k »* -h 2,936, 

b being the length of the crank in feet and n the number of 
revolutions per minute. (See Glossary, Art. 234.) 

(2.) We have the force due to the momentum of the 
reciprocating mass, including piston, piston-rod, slide, and 
the second half of the connecting rod. The loss of 
momentum is most rapid just at the end of the stroke ; and 
as loss of momentum per second is what we call force, the 
force acting on the axle at the end of the stroke due to this 
cause is easily found and proves to be 

w a »* -r- 2,936, 

where w is the weight of the total reciprocating mass. 

Now a weight w iy or weights whose sum is to\, may be 
placed on the driving- wheel or wheels at a distance r from 
the axis, such that the centrifugal force of u>i may be equal 
to the sum of the above forces. This leads to 
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and if we assume any distance, r, we can calculate the 
balance weight or weights, w\. 

206. Now, for the axis to be permanent in inside-cylin- 
der engines, w\ must be divided into two parts, one for each 
wheel, inversely proportional to the distances of the wheels 

from the crank. For outside-cylinder engines we get 
balance weights for the two wheels whose difference is w l9 
and they are, as before, inversely proportional to the dis- 
tances from the wheels to the crank in question. Hence, a 
consideration of each cylinder gives two balance weights, 
one usually much smaller than the other. As the cranks 
are at right angles, the balance weights ought to be 90° 
apart on each wheel. Instead of using these two we can 
use one weight placed between their positions, so that its 
centrifugal force is the resultant of theirs. Thus, if we 
found 20 lbs. and 6 lbs. for the two placed at the same 
distance from the axis but 90° apart, make o a equal 20, 
and o b, at right angles to o a, equal to 6 according to any 
scale ; complete the parallelogram, and o c represents on the 
same scale the weight which will replace them. It ought 
to be placed at just the same distance from the axis as they 
were supposed to be placed, and in position it makes the 
angle a o c with the larger weight. In this case it will 
be found that 20-88 lbs. placed 18*3° from the position 
which the weight of 20 lbs. might have occupied will be 
required to replace the two. 

207. It often happens in outside-cylinder engines that the 
distance from one wheel, or rather from the centre of gravity 
of a balance weight, to the crank, is so little that the corres- 
ponding weight for the other wheel is very small and may 
even be neglected. In inside-cylinder engines it will be 
found that, whereas the cranks are at right angles to one 
another, the balance weights on the two wheels on the 
opposite side of the axis to the cranks are often only 50° 
apart. In inside-cylinder engines with coupled wheels, the 
outside coupling rods and cranks are usually made to balance 
the inside moving parts. These engines work very smoothly 
indeed. Outside-cylinder engines with coupled wheels are 
very unstable, from the use of small wheels requiring very 
rapid revolution of the crank axle; from the cylinders 
being farther apart than usual, so that the coupling rods may 
have room, and from the number of reciprocating parts 
being increased. The conditions seem to admit of no 
remedy for these defects. The balance weight ought to be 
distributed over two or three of the spaces of the wheel, 
that the tire may not be unduly strained. The reciprocating 
parts of engines ought to be as light as possible, ana 
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thu width of cylinders as nearly as possible equal to that 
of the wheels. 

208. We have, then, the following easy, approximately 
correct rules for locomotives : — If a is length of crank, / the 
distance of centres of gravity of each balance weight from 
centre of wheel, e the distance apart of the centre lines of 
cylinders, d the distance apart of the wheels or centres of 
gravity of the balance weights, w the total weight of crank 
(referred to the pin, see Art. 205), pin, connecting rod, 
piston, slide, and piston-rod, a the angle which the radius 
to centre of gravity of balance weight makes with near 
crank : — 

(1.) Inside-cylinder engines with uncoupled wheels. 

2dr 
d + «» 



Each balance weight = J*, ^2^+ 2^, 
tan. A = 



so that a is easily obtained from a book of tables. 

(2.) Outside-cy Under single engines with uncoupled 
wheels. 

Each balance weight = ", 

A = 180°; 

so that in this case the balance weight is placed exactly 
opposite to the crank. 

(3.) Inside-cylinder engines with wheels coupled. Find 
by rule (1) if the weight of the coupling rods, &c, is too 
great. If so, let counter weights equal to the difference be 
placed opposite the outside cranks. If too small, the 
difference must be made up with balance weights, as in 
rule (1). The positions of the outside cranks are found 
by rule (1). 

(4.) Outside-cylinder coupled engines. Find revolving 
weight of coupling rods, &c, for each wheel. Also find 
sum of the weight of the piston, rod, slide, and half 
connecting rod. Divide this latter among the wheels, 
adding the given revolving weight already on them. Let 
this be used on each wheel according to rule (2). 
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CHAPTER XXL 

GLOSSARY. 

209. Introductory. — At the outset I stated that 
my readers must have a previous acquaintance with 
the elementary principles of mechanics ; but, inasmuch 
as I am afraid that some may be deceived as to the 
exactness of their notions, I think it necessary to give a 
chapter in explanation of such fundamental facts and 
definitions as are most likely to be misunderstood. This 
chapter I call a Glossary, for although very different from 
any glossary I am acquainted with, it serves exactly the 
purpose of one. 

210. Vertical Line. — A line showing the direction 
in which the force of gravity acts. It is a line at right 
angles to the surface of still water or mercury. 

211. Level Surface. — A surface like that of a 
still lake, eveiywhere at the same level and everywhere 
at right angles to the force of gravity. It is not a plane 
surface. 

212. Curvature. — For any curve you can find by 
trial at any part, what circle will best coincide with the 
curve just there 1 The radius of this circle is called the 
radius of curvature at the place. But since we say, for 
instance, that a railway line curves much, when we mean 
that the radius is small, the name curvature is always 
given to the reciprocal of the radius. Thus, if the radius 
is 8 feet, we say that the curvature is |th. If at another 
place the curvature is £th, the change of curvature in 
going from one place to another is the difference between 
these two fractions. 

213. Mass. — Mass is the quantity of matter in a 
body. The weight of a body depends on whether it is at 
London or Paris, or elsewhere. A body which weighs 
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a pound, as indicate J by a spring balance, 
would weigh G'46 lb. on the planet Merc 
weigh 2*07 Iba, on the planet Jupiter, and * 
hardly anything near the centre of the earth, and 
it would always hare, the same mass. The veigM 
a body in pounds at London, divided by 32' 
number which we use to denote the muss of the body. 
The weight of the same body in Spitsbergen, divided bv 
32-23, would give the same number. The weight of 
the Ham.:! body at Trinidad, divided by 32-09, would 
give the same number. The weight of the same 
body OH the planet Jupiter, divided by 85-9, would give 
■ •■ number. These divisors are experimentally 
determined ; tiny represent the acceleration to the velo- 
city of a falling body, due to the action of gravity at 
the viii'ioiiN places. Divide, then, the weight ni 
in tin* British Islands by 32'2, and you get the mass 
measured hi a way which is very convenient for a great 
number of calculations. 

214. Velocity is the speed with which a bcdy moves, 
Kihi] ilie time in seconds taken by a body to traverse a 
eeriinii '!i-i;iim e measured in feet This distance divided 
by ihe time is called the average velocity. Thus, if a 
railway train moves through 200 feet in 4 seconds, its 
average velocity during this time is 200 4- 4, or 50 feet 
per teoOnd If we ibid, with careful measuring instru- 

'. , that it moves through 20 feet in 4 second, or 

through 2 feut in '04 second, the velocity is 20 -^ '4, or 
2 ■*■ 04, or 50 feet per second. It is important to 
remember that the velocity may be always changing 
during mi interval of time, ami therefore cannot he said, 
at any instant, to be equal to the average velocity. ~ 
get the velocity at any instant, we must make very 
exact measurements of the time taken to pass over 
very abort distance, and even this will only give 
Ihe average velocity during this short time. But if 
make a number lit measurements, using shorter and 

er periods of time, the, avevasj,* velocity become* 
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more and more nearly the velocity which we want. 
Thus, at 10 o'clock, a man in a railway train making 
a careful measurement finds that the train passed over 
200 feet in the last 4 seconds. He finds the average 
speed for 4 seconds previous to 10 o'clock to be 200 -r 4, 
or 50 feet per second. Another man finds that it passed 
over 100*4 feet in the two seconds before 10 o'clock, 
and finds during these two seconds an average velocity of 
100*4 -r 2, or 50*2 feet per second. Another man finds 
50*25 feet passed over in one second previous to 10 
o'clock, which shows a velocity of 50*25 feet per second. 
Another man finds 25*132 feet passed over in half a 
second before 10 o'clock, and finds 25*132 -*- 0*5, or 
50*264 feet per second. Another man finds 12*567 feet 
in a quarter second before 10 o'clock, and his observation 
gives 50*268 feet per second, and so on. It is evident 
that the values given by these various observations are 
approaching the real value of the velocity at 10 o'clock. 
Tabulating these results, I have : — 



Intervals of Time in Seconds 
before 10 o'clock. 


Average Velocity in Feet 
per Second. 


4 

2 
1 

t 


50 00 

50-20 

50-25 

50264 

50-268 



Plot the two sets of numbers on squared paper, and 
draw a curve through the points so found. Produce the 
curve, and you have the means of finding the average 
velocity for an infinitely small interval of time before 
10 o'clock. This is the required velocity. I need hardly 
say that few practical purposes require us to observe 
with so much accuracy as this the velocity of a body 
whose velocity is changing. 

215. Acceleration. — This is the Tate <& <&»5\^ A 



the velocity of a body. Thus, it is known that 1 
velocity of a body falling freely 

At the end of one second is 32'2 feet per second. 
„ „ two seconds is G4'4 „ ,, 

„ three „ 96-6 

,, four „ 128-8 „ 
mil we see that there is an increase to the velocity of 
■"■-' ■_ i vi ry second. The acceleration in this case is 
always of the same amount- — hence we call it uniform ac- 
L-eleriition, and say it is 32*2 feet per second pel- second. 

f a force continues acting on a hotly, its effect is 
to produce a uniform acceleration in the direction in 
which it acts. You may experiment with Attwood's 
machine, or simply use, as the body acted on, a small 
carriage running very freely on a very smooth level 




table ; and the force acting, the pull 
string passing over a, pulley on the ed_ 
the table, and having weights in a suile-pnn 
at its end, Fig. 133. Here, however, friction 
will be much greater than in Attwood's machine. Ton 
will prove the following rule to be true. If a force 
of 2 lbs. acts on a body whose weight is 50 lbs. at 
London (the 50 lbs. include the weight of every- 
thing which is set in motion, so that if you use a 
little w.Jght of 2 lbs. for the purpose of exerting the 
force, remetrber that this little mass of 2 His. is in- 
cluded in the 50 lbs,), then the acceleration or 
ise of the velocity every second is 
equal to the force divided by the whole 
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mass moved. In this case the mass is 50 -f 322, 
or 1-553, so that we have 2 -f 1553, or 1*223 foot per 
second per second as the acceleration. Thus, if the 
body started from rest, the velocity would be 1*223 x 5, 
or 6*115 feet per second at the end of 5 seconds. And 
now comes the question, how far will the body move 
from rest in five seconds ? Evidently its average velocity 
during this time is half its terminal velocity, or 3*0575, 
so that 5 x 3*0575, or 15*3875 feet is the distance. It is 
evident that t o get the space passed over we 
have multiplied half the acceleration by 
the square of the time. 

When a body falls freely, its own weight is acting on 
its own mass. For instance, say the weight is 2 lbs., then 
the mass is 2 -f 32*2, and weight divided by mass 
is acceleration, which we find to be in every case 
32*2 feet per second per second at London. The 
velocity at the end of any number of seconds is 32*2 
multiplied by this number ; and the space fallen through 
in any number of seconds is half 32*2, or 16*1 multiplied 
by the square of the number of seconds. You can check 
these rules by the rules given you for potential and 
kinetic energy, and you will find them quite consistent 
with one another. Get to thoroughly understand the 
laws of energy first, and you will find that these other 
matters can be reasoned out quite easily afterwards. 

216. Momentum. — If a body's weight is 2 lbs., its 
mass is 2 -jr 32 2, or -0621. Now, if the body is moving 
with a velocity of 20 feet per second, its momentum is 
•0621 x 20, or 1*242. If this momentum is created or 
destroyed by a force acting for only one second, the force 
must be 1*242 lb. ; if it is created or destroyed by a 
force acting for 5 seconds, the force must be l*242-r5, 
or # 2485 lb. The mass of a body multiplied by its 
velocity represents its momentum". Momentum is some- 
times defined as the quantity of motion possessed by a 
body. It represents the constant force which, acting for 
one second, would stop the body. Suppose a certain 
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amount of momentum is produced by a force of ■ 
pound acting on a body for one second, the 
amount of momentum would be produced by i 
of 2 lbs. acting for half a second, or by 1,000 lbs 
acting for the thousandth of a second, or by -oul II. 
anting fur l.liOO .seconds. You can easily prove this by 
what you already know about the motion of a body.* 

If the velocity of a body lias been produced or de- 
stroyed by various forces, each acting fur a certain time, 
multiply each force by the time during which it acted, 
and the sum must be equal to the whole momentum gener- 
ated or destroyed. When we know the time during which 
a certain force ban acted on a body giving to it motion, 
we generally determine the motion by calculating the mo- 
mentum of tin- body. "When we know the disttmce through 
which a force 1ms acted on a body giving to it motion, 
we generally first lind the kinetic energy of the body. 

217. Impulse or Blow. — When a body is suddenly 
set in motion or stopped in its motion by a blow, the effect 
uf the blow is measured by the total momentum produced 
or the total momentum destroyed. We know that great 
forces must have been acting for short times to produce 
the effect wc observe, but it seems difficult to find the 
magnitude of each force and the time during which it 
acted. The average force during a blow may be approxi- 
mately found by dividing the momentum produced or 
destroyed by the .short interval of time during which 
the force acted. 

218. Resultant. — The resultant of two or more 
forces is a force which might be substituted for them 
without, changing the effect. If two strings pull a 
point with forces of 5 lbs. and 7 lbs. (Fig. 134), and if 
the angle between them is 30^, draw o P equal in length 
to 5 inches, and make the angle Q o p equal to 30 . 



ii produced in that ti: 



:e the Force multijilinl 
i multiplied by the velocity wlui" 1 ' 
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Make the length of o Q, 7 inches. Complete the parallelo- 
gram qope, and draw the diagonal o R. Measure o h 
in inches ; we find it to be R 

11*6 inches, so that the re- .^ ..-------—^ 

sultant of the two forces is /\^^~* /' 

11*6 lbs. One string acting ^^^^ > ^ 

in the direction o R with a p; g> 134. 

pull of 1 1 '6 lbs. will produce 

the same effect at as the two strings did. Suppose 
when the two strings were acting we had found by ex- 
periment that a third string o E (Fig. 135) would just 
prevent the two strings from causing motion at o, 
then experiment would also show that the force in o e, 
jj, which may be called the equilibrant of 
p and o Q, is exactly equal and oppo- 
site to the resultant of o P and Q. 
Pig 135 ~ ®19. Equilibrium. — If three and 
only three forces keep a body in equi- 
librium, we know that these three forces must be 
parallel to and proportional to the sides of a certain 
triangle. If a number of forces keep a body in 
equilibrium, and if all their lines of action meet in a 
point, they must be parallel to and proportional to the 
sides of a certain closed polygon. But suppose they do 
not meet in a point, two important conditions hold : first, 
the forces are parallel to and proportional to the sides 
of a certain closed polygon, else they would make the 
body move as a whole ; secondly, the turning moments 
of the forces about any axis whatsoever must balance, 
else the body would rotate. When the forces acting on a 
body are parallel to one another our rule becomes 
simpler, and we find, first, that the sum of all the forces 
in one direction must be equal to the sum of all the 
forces in the other direction; secondly, that the turning 
moments of the forces about any axis whatsoever must 
balance. 

220. Moment of a Force. — This is the measure of 
the tendency of a force to turn a body about an axis. It 
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i the force multiplied by the perpendicular dis 
between the direct ion of the force and the Eok 
fact, the force multiplied by what has been called 
leverage. A force of .5 lbs. acting at the distance of 2 fi 
from an axis is said to have a moment of 10 ponnd-ff 
and a force of 2 lbs. acting at the distance of 5 feet, c 
force of 4 lbs. acting at the distance of 2 '5 feet, \ 
have the same turning moment. 

If a number of forces tend to turn a body about 
axis, find the sum of the moments tending to turn t 
body in the direction of the hands of a watch ; tind the 
i of the moments tending to turn the body against 
(he hands of a watch The difference of these two sums 
is the moment 
which reallv 







If the 



equal t lie u.dv 
will not turn. 
3 31. A*- 
ample. - Fi, 
136 shows a 
circular piece 
of wood winch 
ti turn easily 
about an axis 
Suppose the 
cord aa. which 
is fastened by means of a nail to this wooden disc, i- 
pulled by a weight of 4 lbs., and that when I measure 
accurately the perpendicular distance from the axis to 
the string I find it 1*2 foot. Then the moment of tin- 
's 4 x 1-2, or 4-8 pound-feet in the direction of the 
hands of a watch. Suppose that I do the same For ,:' 
the other cords which are keeping the wood at rest, I 

.1 force does not act i 
It is only its resolve.! pait in this 
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can then make such a Table as the following, and find 
that the sum of the turning moments in one direction 
is equal to the sum of the moments in the other direc- 
tion. This Table shows the result of a certain experi- 
ment in which six forces were acting. 



Forces Tending to Turn Body in 

Opposite Direction to that of 

Hands of Watch. 


Forces Ten ling to Turn Body in 

Same Direction as that of Hands 

of Watch. 


Force in 
Pounds. 


Distance in 

Feet of Force 

from Axis. 


Moment hi 
Pound-feet. 


Force in 
Pounds. 


Dist-ncein 

Feet of Force 

from Axis. 


Moment in 
Pound-feet. 


U 
24 
8-6 


03 
5 
1*0 

Total 


4 2 

120 

86 


40 
6-2 
2-7 


12 
1-5 
4-0 

Total 


4-8 

93 

108 




24-8 


24*9 



If you try such an experiment as this, to complete it 
and to get a thorough understanding of the matter, give 
a very small turn to the wooden disc and measure the 
amount of rise or fall of every weight, using a magni- 
fying glass and a very small scale. Some rise and others 
fall, but you will find that the work given out by those 
that fall is equal to the work given to those that rise. 
You will see that this is the reason why the above rule 
is true. Perhaps this will appear more evident if you 
imagine that, instead of being tied to separate nails, the 
cords had passed round pulleys of different diameters, 
but all fixed to one axle. Again, if you turn the wooden 
disc (Fig. 136) very slightly, you alter all the distances, so 
that there is no longer equilibrium. If you had pulleys 
this would not be the case ; there would be equilibrium 
in any position. 

222. Torque. — When a system of forces satisfies the 
first condition for equilibrium given above, but does not 
satisfy the second condition — that is, when it is equiva- 
lent to a couple — the system is called a torque. The 
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reason why tliis name has been introduced by Profes 
James Thomson is that such systems of forces ha 
hitherto been vaguely called " a moment," " 
and so forth, and hese namea rather express the effort 
of the torque, or its resultant, than the torque itself. 

233. A lever is a body with one point tised, called t 
fiiterum. There ta equilibrium when the turning moi 
of one of the balancing forces about the fulcrum is 
and opposite to the turning moment of the other, 
force of 1 lb. acting at 20 feet from the fulcrum will b 
a force of 50 lbs. acting at 0-4 foot from the fulcrum. 

224. If two parallel forces acting on a b dy are equal, 
and opposite in the sense of their action, they form what 
is called a couple, and as they have no other tendency 
than to turn the body, they are always measured by 
their moment, for they evidently have the same moment 
about any axis we may choose. Thus, a couple con- 
sisting of two parallel forces, each of 8 lbs., if they are 
13 feet asunder, is said to be a couple whose moment is 
24 pound-feet. If they consisted of two forces, eaoh of 
12 lbs., 2 feet asunder, or of 6 lbs. 4 feet asunder, or of 
24 lbs. 1 foot asunder, they would have exactly the same 
effect. Hence, when we speak of a couple we always 
speak of it as a couple of so many pound-feet. 
225. Work. — To do work it is necessary to exert 
a force through a certain distance in the direction of 
the force. Thus, if I exert a force of 20 lbs. through 
a distance of 6 feet, I do 20 x 6, or 1 20 foot-pounds of 
work. If a body of 5 lbs. weight changes its level by 
the amount of 10 feet, whether it does this by a direct 
vertical fall or rise, or is moved up or down an inclined 
plane or curved surface, so long as there is no friction, 
the amount of work given out by the body in falling of 
given to it to make it rise is always the same, 5 x 10, or 
50 font-pounds. 

k226. Example. — One of the weights of a certain 
flock is 20 lbs., and after being wound up it can fall 
through a distance of 40 feet. Suppose we wish to alter 
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this height, making it 10 feet; what weight must we 
use ? Evidently the work given out by the new weight in 
falling 10 feet must be equal to the old weight 20 x 40 
feet, or 800 foot-pounds. In fact, the new weight must 
be 80 lbs. Of course you must apply this weight to the 
clock by means of a block and pulleys, or you must 
reduce the diameter of the drum proportionately; and 
if in applying it you introduce more friction than there 
used to be in the clock, you must further increase the 
weight, so as to be able to overcome this friction. 

227. Horse-power. — One horse-power is the work of 
33,000 foot-pounds done in one minute. Remember 
that power really means, not merely work, but work 
done in a certain time. The work done in one minute 
by any agent divided by 33,000 is the horse-power of 
that agent. In a steam-engine, the piston travels four 
times the length of the crank in one revolution, and all 
this time it is being acted on by the pressure of steam. 
If the mean or average pressure urging the piston is 
60 lbs. per square inch, and the area of the piston is 
150 square inches, then the total average force urging 
the piston is 150x60, or 9,000 lbs. If the crank, 
whose length is 0*9 foot, makes 70 revolutions per 
minute, then the piston travels 4 times 0*9 x 70, or 
252 feet per minute, so that the work done in one minute 
is 9,000 x 252, or 2,268,000 foot-pounds. Dividing this 
by 33,000, we find the horse-power of the steam-engine 
to be 68 '7. The mean pressure is ]»est found by the use 
of an indicator which draws for us an indicator diagram. 
Measuring the pressures at ten equidistant places on this 
diagram, adding them together, and dividing by ten, 
gives the average pressura If an indicator diagram can 
be obtained from both sides of the piston so much the 
better, as we add our two results and divide by two. 
As the pressure of steam is usually given per square inch, 
it is usual to take the diameter of the cylinder in inches, 
but distances passed through by the piston are evidently 
to be measured in feet 
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Extra**. — I find by a spring balance that some 
bones or a steam-engine have been pulling a carriage 
with an average poll of 130 lbs. during one :amute, the 
space passed over in the minute being 500 feet ; what is 
the horse-power expended on the carriage I Here 
120 lbs. acts through the distance of 500 feet, and the 
work done in one minute is evidently 500 x 130, or 
«;ii/mn» ; dividing lv 33,000, we find the horse-power to 
belS18. 

22 5. Ener gj i* the capability of doing work. When 
a weight is able to tail, it possesses potential energy equal 
to the weight in lbs. multiplied by the change of level in 
feet through wLich it can fall. When a body is in 
motion, it possesses kinetic energy equal to its weight in 
lbs. divided by 64 -4 and multiplied by the square of its 
velocity in feet per second. 

229. Example. — A body of 60 lbs. is 100 feet above 
the ground, and has a velocity of 150 feet per second, 
What is its total amount of mechanical energy! — that 
is, what energy can it give out before it reaches the 
ground, and becomes motionless? Here the potential 
energy is 60 x 100, or 6,000 foot-pounds. Its kinetic 
energy is 60 x 150 x 150 -r 64 4, or 20,963 foot-pounds. 
So that the total amount is 26.963 foot-pounds. 

Exercise. — Suppose this body to lose no energy 
through friction with the air, and suppose that, after 
a time, it is at the height of 20 feet above the ground ; 
find its velocity. Answer. Its potential energy is now 
60 x 20, or 1,200 foot-pounds, therefore its kinetic 
energy must be 25,763, and evidently this, multiplied 
by 64*4 and divided by 60, gives the square of the new 
velocity, which I find to be 168*1 feet per second. 
Evidently in such a question we are not concerned with 
the direction in which the body is moving. It may be a 
cannon-ball, or a falling or rising stone, or the bob of 
a pendulum. Given its velocity and height at any instant, 
we can find for any other height what its velocity must 
be, or for any other velocity what its height must be. 
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230. Angle. — An angle is the inclination to one 
another of two straight lines. An angle can be drawn : 
First, if we know its magnitude in degrees, A right angle 
has 90 degrees. Second, if we know its magnitude in 
radians. A right angle contains 1*5708 radian. Two 
right angles contain 3 '141 6 radians. One radian is equal 
to 57*2958 degrees. One radian has an arc, B c, equal in 
length to the radius A B or a c. It sometimes gets the 
clumsy name " a unit of circular measura" Third, we 
can draw an angle if we know 
either its sine, cosine, or tangznt, 
&c. Draw any angle, bac (Fig. 
137). Take any point, P in ab, 
and draw pq at right angles to 
a c. Then measure P Q and a p 
in inches and decimals of an inch. 
P Q -r a p is called the sine of the 

angle, a q -r a p is called the cosine of the angle, 
p Q -f A q is called the tangent of the angle. Calculate 
each of these for any angle you may draw, and measure, 
with your protractor, the number of degrees in the angle. 
You will find from a book of mathematical tables 
whether your three answers are exactly the sine, cosine, 
and tangent to the angle. This exercise will impress on 
your memory the meaning of these three terras. 

Divide the number of degrees in an angle by 57 '2958, 
and you find the number of radians. Suppose we know 
the number of radians in the angle bac, and we know 
the radius a b or A c, then the arc B c is 

A6X number of radians in the angle. 

Given, then, a radius to find the arc, or given an arc 
to find the radius, are very easy problems. 

231. Angular Velocity. — If a wheel makes 90 turns 
per minute, this means that it makes 1*5 turn per 
second. But in making one round any radial line moves 
through the angle of 360 degrees, which is 6*2832 radians; 
so that 1*5 round per second means 6*2832 x 1*5, or 
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3 4248 radians per second Has is the common 
tific way in which the angular velocity of a wheel is 
measured ; so many radians per second. If a wheel makes 
30 rounds per minute, its angnlar Telocity is 3*1416 
radians per second. One round is the angular space 
traversed in one revolution. 

The real Telocity in feet per second of a point in 
a wheel is equal to the angnlar velocity of the wheel 
multiplied by the distance in feet of the point from the 



232. Angnlar Acceleration. — The acceleration to 
angular velocity per second. If a wheel starts from 
rest, and has an angular Telocity of 1 radian per second 
at the end of the first second, its average angular ac- 
celeration during this time is 1 radian per second per 
second. 

233. Comparison of Linear Motion and Angular 

Motion. 



The mass of a body is its 
weight divided by 32 2. 



A linear motion is given to 
a body when an unbalanced 
force acts upon it. 



Acceleration of a body 
equal to force -f- mass. 



is 



The moment of inertia of a 
wheel or other rotating body 
is found by taking the mass of 
each portion of it and multi- 
plying by the square of its 
distance from the axis. 

To produce angular mo- 
tion — that is, rotation — it is 
necessary to have an un- 
balanced force acting at a dis- 
tance from the axis of rotation. 
Force multiplied by perpen- 
dicular distance from axis is 
called the turning moment of 
the force. 

Angular acceleration of a 
body moving about an axis is 
moment of forces-:- moment of 
inertia. 



If a force continually acts on 
a body, the velocity is equal 



If a turning moment Con- 
tinually acts on a body (as by 
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to acceleration multiplied by 
time from rest. Also 



Space passed over is equal to 
half acceleration multiplied by 
square of time. 



Energy stored up in a body is 
half its mass multiplied by 
square of its Telocity. 



If a bodv moves backwards 
and forwards under the action 
of a variable force which is 
always proportional to the dis- 
tance of the body from its 
middle position, and which 
always acts towards this posi- 
tion, and if the force at a dis- 
tance of one foot is 5 lbs., then 
the time of vibration is equal 
to 3*1416 times the square root 
of the quotient of the mass of 
the body divided by 5. 



If a force of 20 lbs. acts on a 
body through the distance of 
3 feet in the direction of the 
force, the work in foot-pounds 
done by the force on the body 
is equal to the force 20 multi- 
plied by 3, or 60 foot-pound*. 

H, then, a body receives 
power, say like a carriage, by 
a force acting on it in the 
direction of motion, the horse- 
power received is equal to the 
force in pounds multiplied by 
the distance in feet passed 



a cord wound very many times 
round the axle of a wheel with a 
weight at its end), the angular 
velocity is equal to the angular 
acceleration multiplied by the 
time from rest. Also 

The angle described by the 
wheel in auy time is equal to 
half the angular acceleration 
multiplied by square of time. 

Energy stored up in a wheel 
is half its moment of inertia 
multiplied by square of angular 
velocity. 

If a wheel vibrates about its 
axis under the action of a 
spiral spring or twisted wire, 
so that the torque is always 
proportional to the angular 
displacement of the wheel 
from its mean position, and if 
the torque is 6 pound-feet 
when the wheel is 1 radian from 
the mean position, then the time 
of a vibration is equal to 3*1416 
times the square root of the 
quotient of the moment of 
inertia of the body divided by 5. 

If a torque is 30 pound-feet, 
and it turns a wheel through 
the angular distance of three 
radians, the work in foot- 
pounds done upon the wheel is 
equal to the torque 30 multi- 
plied by 3, or 90 foot-pounds. 

If, then, a body receives 
power, say through a shaft, the 
horse-power received is equal to 
the turning moment in pound- 
feet acting on the shaft mul- 
tiplied by the angle in radians 
described in one minute (or tb* 
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through in one minute divided 
by 33,000. 

The mass of a bcdy multi- 
plied by its velocity is the 
momentum possessed by the 
body. 

A force multiplied by the time 
during which it acts in hasten- 
ing or stopping the motion of a 
body is equal to the momentum 
produced or destroyed. 



If a body has momentum 
represented in direction and 
amount by the line op (Fig. 
138), and if a force acting in 
the direction oa produces a 
change of momentum • repre- 
sented by the length of oa, 
then ok is the resultant mo- 
mentum in magnitude and 
direction possessed by the body 
after the operation of the force. 




Fig. iaa 



If forces represented in 
direction and magnitude by 
the lines o p and o a act on 
a body, their action is the same 
as that of a force represented 
in direction and magnitude by 
the line o k. 



number of rounds per minute 
x 6-2832), divided by 33,000. 

The moment of inertia of a 
body multiplied by its angular 
velocity is its moment of mo- 
mentum. 

A torque multiplied by the 
time during which it acts in 
hastening or stopping the rota- 
tion of a body is equal to the 
moment of momentum pro- 
duced or destroyed. 

If a rotating body's axis is 
in the direction o p, and if its 
moment of momentum about 
this axis is represented by the 
length of o p, and if forces act 
upon it so as to turn it about 
an axis whose direction is o o, 
and if the amount of moment 
of momentum produced by 
the torque is represented by 
the length of o q, then the 
resultant motion of the body is 
a rotation about the axis ok, 
its moment of momentum being 
represented by the lem^th of 
o r. (The arrow-heads in this 
case mean that an eye at o sees 
that the rotations are in the 
same sense— that is, all against 
the direction of the hands of a 
watch, let us suppose.) 

If torques act on a b(»dy, if 
one of these is about an axis 
in the direction o p, and if 
the amount of the torque in 
pound-feet is represented by 
the length of the line o p, and 
if o q similarly represents the 
torque about an axis in the 
direction o q, their combined 
action is the same as that of 
a torque about an axis in the 
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Tho change of momentum 
produced in a body which re- 
ceives an impulse is equal to 
the sum of the products of the 
pressures during the impulse, 
each multiplied by the time 
during which it acts. 



direction or, the amount of 
the' torque being represented 
by the length of the line or. 
(The arrow-heads have the 
same meaning as in last case.) 

The change of moment of 
momentum produced by an 
impulse is equal to the sum 
of the products of the moments 
of the pressures during the im- 
pulse, each multiplied into the 
time during which it acts. 



234. Centrifugal Force. — If a body is compelled to 
move in a curved path, it exerts a force directed out- 
wards from the centre, and its amount in pounds is 
found by multiplying the mass of the body by the square 
of the velocity in feet per second, and dividing by the 
radius of the curved path. Thus a weight placed at the 
end of an arm like the arm of a wheel exerts a pull 
in the arm. If a, body moves round an axis 20 times 
per minute in a circle whose radius is 3 feet, you can 
determine the centrifugal force by first finding the 
velocity of the body and using the above rule, or you 
may proceed as follows : — The weight of the body multi- 
plied by 3 multiplied by the square of 20 divided by 
2,936 is the centrifugal force.* 

Suppose a wheel, whose total weight is 20 tons or 
44,800 lbs, has its centre of gravity 0*4 foot away from 
the axis — that is, suppose the wheel to be somewhat 
eccentric — then if the wheel makes 50 revolutions per 
minute, the centrifugal force is 44,800 x 0*4 x 2,500 
-r 2,936, or 15,261 lbs.— that is 6.81 tons. This force 
acts on the bearings of the shaft, always in the direction 
of the centre of gravity of the wheel (see Chap. XX.). 

235. Any one who wants to get clear ideas about 

•Centrifugal force = — , or ma*r t or torn* -s- 2,938 ; where m is 

mass of body, or w its weight in pounds ; r, radius of curved path ; 
v, velocity in feet per second ; a, angular velocity in radians per 
second ; and n. number of revolutions per minute. 
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centrifugal force ought to make experiments of his own. 
Unfortunately, although there are many toys made to 
illustrate the effects of centrifugal force, I know of only 
one piece of apparatus which enables the 
laws to be systematically experimented 
upon. Fig. 139 is a drawing of such an instrument. 
Here a represents a little, flat, cast-iron box, like a narrow 
drum ; one drum-head, as it were, being replaced by a 
corrugated steel plate, so as to be strong and flexible. B is 
a glass tube which enters the box. Mercury fills the box 
and the tube to the level 6, and when c, the centre of the 
corrugated plate, is pulled or pushed, although you cannot 
see much yielding in c, you will observe the mercury rise 
and fall in the tuba There is a screw, d, entering the 
box at the back ; by means of this screw you can adjust 
the height of the mercury in the tube. The box is in 
the centre of a circular table, E, which can be whirled 
round at any speed we please, and the tube is exactly 
in the axis of rotation, so that the height of tbe mercury 
can be measured whatever be the speed. Fastened to 
the centre of the corrugated plate at c is a long steel 
rod, F, which is supported at J on the end of a little 
rocker, so that it can move backward and forward with 
less friction than if it were made to slide on a bearing. 
At any place along f we can clamp a weight, H, which 
we may alter as we please from 0*5 to 8 lbs. We can 
clamp it near the axis or one foot away, the radius of 
the circle described by its centre of gravity being 
measured by the scale marked on the rod. We have 
also a means of counting the number of revolutions 
made per minute. Now, the centrifugal force due 
to the Tod and sliding weight causes c to be pulled 
out very slightly, and this causes the mercury to 
fall in the tube, and it is easy with a vertical 
scale firmly attached to a neighbouring wall, but 
placed alongside the tube, to measure this rise and 
fall. I usually get a spring balance, or a cord, pulley 
and weights, and before my experiments begin I pull 

9 
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the rod of the ml, r. noting tbe height of the mercury 
far a poll of 1 IK, z lbs., Ac, and in this way I an 
afterwards tell tlie value of my scale measurements, 
I also make a nnmher of expcroiM-.au when the s! Ltli tig 
weight it removed from the rod, r, to tell me tbe centri- 
fugal farce of everi thing else at different speeds, anil 
this X subtract fran tny subsequent observations. You 
see, then, thai I can measure the centrifugal force in 
pounds of various manes, from 0-5 to 8 11&, moving 
at any speed id a circle whose radius may be as little a 
1-5 inch and as much aa 115 inches. With i 
instrument it is easy to test the law which i 
given, and without working with some men. instrument 
question if yon are likely to have any but vague notio; 
about centrifugal force. 

236. There is another method of expei i ; ■ . 
suggests itself, with apparatus which any one may £ 
up for himself, but it does not give ai 
a thorough understanding of the law to 
the person who experiments. In Fig 
140, A is a leaden ball at the end 
of a silk thread, P A, fastened at P. 
a is kept out from its natural position 
in the vertical by means of a horizontal 
thread in the direction A o. Now if 
you |wss the horizontal thread, a b, over 

^ a pulley and hang a weight at its end, 

B you will find that the force acting in 
A B is to the weight of A as the distance 
k a is to the distance if,' Saw sup- 
pose the weight of a to be 4 lbs., the 
height, p k, to be 8 feet, and the distance, a k, I foot, then 

" The hail; , a, is acted upon by three form* ! its we-yiit downwards 
In to* direction A a. tlie horiiontsi force, A E. ami the jiull in the string, 
A P. The triangle of force. (Art. 2) tells lis Unit »Airii a 
triangle whose tides a k and K P soil p A are jiurallel to the throe 
force*, then tlm liiirizontul fur.:-, m-tins iu a n, i. n, the vertical force 
■eight of a, as the distance 



■ 



Coup. XXL] FRICTION. 243 

a k is one-eighth of k p, and we are sure that the hori- 
zontal force needed just to keep a in this position is 
0-fi lb., for it must be one-eighth of the weight of a. 

Now let such a ball aa a, bung by a thread, p a, 
go round and round in a circle. Measure as accurately 
as you can k a, the radius of the circle, and k f, the 
vertical height from the ball to tbe point of suspensioa 
Also measure how many revolutions the ball makes per 
minute. Tbe centrifugal force is now doing what the 
horizontal string did before, and we know how much it 
is. In fact, the centrifugal force is obtained by multi- 
plying the weight of the ball by K a, the radius of its 
circle, and dividing by the vertical height, k p. You can 
test if the centrifugal force law is true, therefore, by 
means of your measurements.* 

337. Friction. — When one surface slides on another, 
there is a force resisting the motion. This force is found 




to be equal to the force pressing the surfaces together 
multiplied by a number which must be found experi- 
mentally for different kinds of sarfaces. It may be 

* A ball going round in tbe way above described u called a conical 
pendulum. You will find from obeervation that it makea one 
revolution In the same time as that in which an ordinary pendulum 
performs a complete oscillation backwards and forwards, if the length 
of the ordinary pendulum ii equal to the vertical height from A to r 
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1 ex peri mentally as follows: — In Fig. 141, AB re- 

, i. —ills a table, the upper level surface of which is 
wood, iron, brass, or other material to be exjierimental 
upon. We usually experiment on smooth surfaces. C is 
a little slide made of any material whose coefficient of 
friction we wish to find. Different weights may be 
placed on it. The weight of the slide, together with 
the weight lying upon it, is the total force pressing 
the two surfaces together. C is pulled by the Weight, 
w, hung from a string, passing over a pulley working 
on very friction less pivots. The weight, w, which will 
just cause the slide to keep up a slow, steady motion 
on the table, is taken as a measure of the friction. 
Of course, however, it really includes the friction of 
the pulley, but this is usually neglected, as it is smalL 
" '} found necessary to start the slide by giving ^ 
i jerk to the arrangement, as, when one of the 
surfaces is of wood, the friction when the slide is motion- 
is somewhat greater than when it is moving. This 
e of the most instructive experiments which can 1" 
made in mechanics, and I hope that every reader will make 
a series of observations. Let him correct his results by 
jilimiis of siiuurttl jitiper, ninl he will find that the friction 
is a constant fraction of the force pressing the surfaces 
together. This fraction ia called the "coefficient 
friction." I give its value for a few surfaces. 
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It is very in teres ting, after determining the coefficient 
a the case of a certain pair of materials, to diminish the 
vie of the slide. You will find that unless you diminish 
: so much that the pressure actually alters the surfaces 
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in contact from being quite plane you will get pretty 
much the same result. You will iilso tinil that, whether 
the motion of the slide is quick or slow, if your v 
maintains the mo- 



maintain it steady 
when quick:.* 

238. You will 
find it instructive 
to experiment with 
such a piece of iqqia- 
ratus as is repre- 
sented in Fig. 143, 
andtvhichldf'sifrnocl 
in Japan to mea- 
the friction 









of 
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different materials 
and this east iron 
wheel. Sera we 
have a pulley with a 
broad, smooth outer 
surface. On this 
surface ties a slide 
made slightly con- 
save, to fit the rim 

of tliu pulley. On this slide we can hang differei 
loads hy the arrangement shown in the figure, and 
the slide can only move a small distance in any direc- 
tion on account of four guards. Suppose now that 

* If, instead of using a cord and we : ght, wb move the B&ifl 
tiltin- Hie tilde 1:1 '-'iv nod oioro from tlio horizontal, this slide getting 
An occasional shove to start it. let the inclination of the table he found 
in degreen when the weight of the body itaelf is just able to keep 
up a steady motion. The tangent of the tingle of iiraliimtion i.f Mi.; 
table when this occurs CBn be found in h bonk of mathematical tables; 
it proves to be equnl to the ooertiuient of friction. This method of 
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pulley rntales in the direction of the arrow. Fri 

ses the slide to move in the direction of the a 
until it is brought up by the guard. Now let Tveighta 
be placed in tbe scale-pan, d, until the slide is held in a 
position half way between tbe guards. Evidently the 
force of friction between the slide anil the rim of the 
pulley is just balanced by the weight in the scale-pan. 
Willi this apparatus you can not only find the coefficient 
of friction for two rubbing surfaces easily, but you can 
very quickly vary your experiments. Run the pulley at 
various speeds, and you will always find much the same 
value for the coefficient of friction. Again you will find 
that the friction is proportional to the load on the slider. 

But with an apparatus of this form you will be 
dble to get very useful information of another kind. 
I have shown the slide as fitting the surface of the 

of the pulley. Now let it be flat, or even convex. 
We have reason to believe that when the rubbing si 
becomes altered in shape by the pressure applied to 11 
the coefficient of friction is not quite the sa 
pressures. By using slides of different forms, yon 1 
lie able tn submit this notion to actual experiment, 
not think that any person hits carried out the idea, 
and, in this respect, it is like a great many other 
notions — namely, it i» waiting for my readers to e 
ment upon it. 

239. As it has been found that with some kinds c 
material the statical friction — that k, the friction which 

[resists motion from rest — is somewhat greater than the 
friction of the surfaces znken actually moving, experi- 
ments have been made to determine whether, at very 
lall velocities indeed, with such materials, there is not 
a gradual increase in the friction. It is known that 
lit ordinary velocities the friction is much the same as at 
a velocity of 01 foot per second. We have reason to 
believe that with metal* 01/ metals there is the same 
action at all velocities, even down to one- five-thousandth 
a foot per second, whereas with metals on 



Chap. XXL] FRICTION AND ABRASION. 247 

friction increases gradually as the velocity diminishes, 
until when the velocity is 0, the friction is what we call 
static friction. Again, at very high velocities it has been 
found that there is a very decided diminution of the 
coefficient of friction between a cast iron railway brake 
and the wrought iron tyre of a wheel. The coefficient was 
•33 for very slow motion, *19 for a speed of 29 feet per 
second, and *127 for a speed of 66 feet per second. It 
has also been observed in these railway brake experi- 
ments that when a certain pressure is applied for a short 
space of time the friction diminishes. All such results 
as these, however interesting they may be to the railway 
engineer, tell us nothing about what I have hitherto 
called friction, because I have supposed the rubbing 
surfaces to remain unaltered, whereas these railway 
brakes are rapidly worn away, and the ejects of abrasion 
and polishing are of an utterly different kind from the 
effects of friction of which I have hitherto been speaking. 

240. You must remember that although friction leads 
to waste of energy, all the energy spent in overcoming 
friction being converted into another form of energy 
called heat, still friction is often very useful. The weight 
resting on the driving wheels of a locomotive engine 
multiplied by the coefficient of friction between the 
wheels and rails represents the greatest pull which the 
engine can exert upon a train. Suppose the weight or 
the driving wheels to be 15 tons ; the coefficient of 
friction of wrought iron on wrought iron is about 0-2, 
hence the greatest pull which the locomotive can exert 
is 15 x 0*2, or 3 tons. If the train resists with a greater 
force than this, the driving wheels must slip ; if the train 
resists with a less force than this, there is no slipping, the 
wheels simply roll on the rails. Again, it is the friction 
between the soles of our feet and the ground that enables 
us to walk; friction enables us to handle objects ; friction 
enables a nail to remain in wood; friction keeps mountains 
from rolling down. 

241. Fluid Friction. — I have been considering the 




riction only between solid bodies, or solid bodies 
separated by very thin layers of liquid subutauces, such 
r water. But tbe friction between liquids and 
solids or between liquids and liquids is of a very different 
kind. If a man attempts to dive into water unskilfully, 
and falls prone, you know that tbe water offers a very 

Ieonsiderable resistance to a change of shape, (See Art. 
193,) Now tliis is mainly the resistance that any body 
oilers to being rapidly set in motion. If you came 
colliding against the end of the most frictionlcss carriage, 
you would also experience its resistance to being sud- 
denly set in motion ; whereas the constant steady 
resistance to motion which the carriage experiences 
when moving with a uniform velocity is called friction. 
What I wish rather to refer to is the resistance to the 
motion of water in a pipe, the resistance to the steady 
motion of a ship. 

242. Fig. 143 shows a hollow cylindric body, r, 
supported so that it ■ cannot move sidewise, and yet so 
that its only resistance to turning is due to the twist it 
would give the sus- 
pension wi: 

liquid filling the a. 
nular Bpace hetwee 
the cylindric surfaces 
d d and K e, and 
wetting both sides 
of p. When the 
vessel D D e E is n 
tated, 
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then, a measurement of the viscosity of 
liquids, and investigations may be made under very 
different conditions. 

243. Fluid friction may also be measured by similar 
and equal heavy discs of brass, which you can immerse in 
air, water, and oil, and hang by wires from the ceiling. 
You will observe that, when the suspension wires are 
twisted and let go, the bodies vibrate like the balance of 
a watch. But it is only the one which vibrates in air 
that goes on vibrating for a long time ; the one in water 
keeps up its motion longer, however, than the one in oil, 
showing that there is more frictional resistance in oil 
than in water, and more in water than in air. The rate of 
diminution of swing or the stilling of tlie vibrations tells 
us the viscous friction of the fluid. In fact, if, by means 
of a pointer or mirror attached to the wire, you observe 
the various angular displacements, noting the time for 
each, and then plot your observations on squared paper 
(as in Art. 187), you will find a curve of sines for the 
vibrations in air ; and for the different liquids damping 
curves, which show the effect of friction in the liquids. 
Similarly, the rate of diminution of swing of the 
vibrating fluids in U tubes, one containing water and 
the other oil, tells us about the relative co-efficients 
of viscosity of the liquids. (See Exercise, page 205.) 

244. From experiment, it is found that the force of 
friction in water is proportional to the wetted surface 
where friction occurs ; it is proportional to the speed 
when the speed is small, but it increases much more 
quickly than the speed does. Thus, at the velocities of 
1, 2, 3, <fec, inches per second the friction is proportional 
to the numbers 1, 2, 3, &c, whereas at the velocities of 
1, 2, 3 yards per second, the friction is proportional to the 
numbers 1, 4, 9, <fcc. At small velocities, such as the above 
mentioned cylinders experience, three times the speed 
means three times the friction; whereas, at great velocities, 
such as those of ships, three times the speed means nine 
or more times the friction. You see, then, that friction 
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hi fluids is proportional to the speed when the speed ii 
small, to the square of the speed when the speed i 
greater, and at still greater speeds the friction ii 
more rapidly than the square of the speed, 
in such a fluid as air, the resistance to motion of a ri 
^^^^ bullet is proportioi 
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to take place in the two vessels, repeating this several 
times with the tube in various positions, beginning and 
ending each experiment with the same difference pf levels. 
Again, fluid friction, for even considerable velocities, 
does not seem to depend much on the roughness of the 
solid boundary. This seems to bo due to the fact that a 
layer of fluid adheres to the solid surface and moves with 
it. Even when the disc of Art. 243 is indented, or when 
large grooves are cut in it, we find practically the same 
frictional resistance. 

245. Comparison of the Laws of Fluid and Solid 

Friction. 



Friction between Solids. 



1. The force of friction does 
not much depend on the velo- 
city, but is certainly greatest at 
slow speeds. 

2. The force of friction is 
proportional to the total pres- 
sure between two surfaces. 

3. The force of friction is in- 
dependent of the areas of the 
rubbing surfaces. 

4. The force of friction de- 
pends very much on the nature 
of the rubbing surfaces, their 
roughness, &c. 



Fluid Friction. 



1. The force of friction very 
much depends on the velocity, 
and is indefinitely small when 
the speed is very slow. 

2. The force of friction does 
not depend on the pressure. 

3. The force of friction is 
proportional to the area of the 
wetted surface. 

4. The force of friction at 
moderate speeds does not depend 
on the nature of the wetted 
surfaces. 
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RULES IN MEX8URATI0N. 

An area is found in square inches if all the dimensioni 
are given in inches. It is found in square feet if all 
the dimensions are given in feet. 

Area of a parallelogram. — Multiply the length of one 
side by the perpendicular distance from the opposite 
side. 

The centre of gravity of a parallelogram is at the 
point of intersection of its diagonals. 

Draw a right-angled triangle; measure very accurately 
the lengths of the sides. You will find that, no matter 
what scale of measurement you use, the square of the 
length of the hypotenuse is equal to the sum of tho 
squares of the lengths of the other two sides. 

Area of a triangle. — Any side multiplied by its 
perpendicular distance from the opposite angle and divided 
by two. 

The centre of gravity of a triangle is found by joining 

(Fig. 146) any angle, a, with the middle point, d, of the 

c opposite side, b c, and making d g one- 

/^^^ third of da. o is the centre of gravity. 

L .J*-.. ^^5>> Area of any irregular figure. — 

/ ^^-^"^^ Divide into triangles and add the areas 

/^-^"^ of the triangles together. 

° Fit? 146 Circumference of a circle. — Multiply 

the diameter by 3*1416. 

A re of a circle. — From eight times the chord of half 
the arc subtract the chord of the whole arc, one-third of 
the remainder will give the length of the arc, nearly. 
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Area of circle, — Square the radius and multiply by 
3-1416. 

Area of a sector of a circle. — Multiply half the length 
of the arc by the radius of the circle. 

Area of a segment of a circla — Find the area of 
the sector having the same arc, and the area of the 
triangle formed by the chord of the segment and the 
two radii of the sector. Take the sum or difference of 
these areas as the segment is greater or less than a 
semicircle. 

Otherwise, for an approximate answer :— Divide the 
cube of the height of the segment by twice the chord, and 
add the quotient to two-thirds of the product of the chord 
and height of the segment. When the segment is greater 
than a semicircle, subtract the area of the remaining 
segment from the area of the circle. 

The areas of Indicator Diagrams and such curves 
may be found by Simpson's rula — Divide the area into 
any even number of parts by an odd number of equi- 
distant parallel lines or ordinates, the first and last touch- 
ing the bounding curva Take the sum of the extreme 
ordinates (in many cases each of the extreme ordinates is 
of no length), four times the sum of the even ordinates, 
and twice the sum of the odd ordinates (omitting the 
first and last) ; multiply the total sum by one-third of 
the distance between any two successive ordinates. 

Surface of a spJvere. — Multiply the diameter by the 
circumference. 

Surface of a cylinder. — Multiply the circumference 
by the length, and add the area of the two ends. 

Surface of any right pyramidal or conical body. — 
Multiply half the circumference of the base by the slant 
side, and add the area of the base. 

Lateral surface of the frustum of a right cone.^ 
Multiply the slant side by the circumference of the 
section equidistant from its parallel faces. 

Area of an ellipse. — Multiply the product of the 
major and minor axes by '7854. 
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The cubic content of a body is calculated in cubic 
inches if all the dimensions are given in inches ; in cubic 
feet if all the dimensions are given in feet. 

Cubic content of a plate. — Multiply area of plate by 
its thickness. 

Cubic content of a sphere, — Cube the diameter and 
multiply by -5236. 

Cubic content of the segment of a sphere. — Subtract 
twice the height of the segment from three times the 
diameter of the sphere ; multiply the remainder by the 
square of the height, and this product by *5236. 

The cubic content and surface of a sphere are each 
two- thirds of that of the cylindric vessel which just 
encloses it. 

Cubic content of any prismatic body (Fig. 147). — 
Multiply the area of the base by the perpendicular height 
This will give the same product as, Multiply the area 
of cross section by length along the axis of the prism (the 
axis of a prismatic body goes from centre of gravity of 
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base to centre of gravity of top). The centre of gravity 
of a prismatic body is half way along the axis. 

Cubic content of any pyramidal or conical, body 
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(Fig. 148). — Multiply the area of the base by one-third 
of the perpendicular height. 

Centre of gravity is one-quarter of the way along the 







Fig. 148 

axis from the base. (The axis of any such body joins 
the centre of gravity of base with the vertex.) 

The cubic content of the rim of a wlieel is found by 
multiplying the area of a cross section by the circum- 
ference of the circle which passes through the centre of 
gravity of the cross section. 

The weight of a cubic inch of cast iron is about 
0*262 lb. The weight of a cubic inch of wrought iron 
is about 0*28 lb. The weight of a cubic inch of brass is 
about 0-303 lb. 

Hence, to find the weight of a cast iron body or 
a wrought iron body, or a brass body, first find the 
content in cubic inches and multiply by one of the above 
numbers, and we get the weight of the body in pounds. 

Very often it is only the approximate weight that is 
wanted ; so that a moulder may know how much metal 
to melt, or for other purposes. 

Now suppose we want the approximate weight of a 
cast iron beam. Find roughly the average suction, and 
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get its area in square inches, multiply by the length 
in indies, add to this the cubic content of any little 
plates or other excrescences. Multiply by -262, 
and we have the weight in pounds. 

You will find tables of specific gravities 
books. The specific gravity of a substance 
weight as compared with the weight of the same bulk of 
water. Now, it is known that a cubic foot of water 
weighs v*rv nearly 1,000 ounces, or rather 62'4 lie. 
The specific gravity of brick varies from 2 to 816T, 
and tiieref ore the weight of a cubic foot of brink variet 
from 2 * 1,000 or 2,000 to 2-167 x 1,000, or 2,167 
ounces. 

The specific gravity of cast copper is 8 ft, and therefore 
a cubic foot of cast copper weighs 8'6 x 1,000, or 8,600 
ounces. 

We see, then, that from a table of specific gravities we 
can get the weight of a cubic foot of a substance, and 
therefore if we know the cubic content of a body formed 
of this substance we can calculate its weight. 

Various plans lor saving labour in calntlnt-ian Busiest 
themselves to |>eople working at any particular trade. 
For instance, if a pattern has no prints for cores, the 
weight of the pattern bears nearly the same proportion 
to the weight of the casting as the weight of a cubic 
inch of ihe wood bears to the weight of a cubic inch of 
cast iron. This is not quite true, because the pattern is 
a little larger than the casting. 

The area of an irregular figure may be obtained 
approximately by cutting it out of a uniform sheet of 
cai-ilWird and weighing it. Now cut out a rectangle or 
square whose area it is easy to calculate. Weigh this 
also. The areas are in the same proportion as the weights. 
The area of cross section of a fine wire can be de- 
termined with some accuracy by weighing a considerable 
length of the wire, dividiiii; by <!io weight of the material 
per cubic inch, and dividing by the length of the wire ii 
inches. 
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of, 2 
Alloys of copper, 85 
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Angle, Definition of, 235 

— Cosine, sine and tangent of, 235 

— of twist, 31, 93 

— Re-entrant, a weak point, 82, 99 
Angular acceleration, Definition of, 

236 
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pared, 236 

— velocity, Definition of, 235 
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Apparatus for centrifugal force ex- 
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fluid friction experiments, 248 
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Centre of gravity of taction of bent 
beam is in the neutral axis, 106 

— of wheels should be in axis 

of rotation, 219 

Ordinary formula for, 142 

Centre of percussion, 195 

how found, 217 

Centres of oscillation and suspen- 
sion, interchangeable, 197 

Centrifugal force, Apparatus for ex- 
perimenting on, 240, 242 

Definition of, 239 

Effects of, on bearings of 

shafts, 218, 299 

Rule for, 220, 239 

Chain, Loaded, How to draw the 
carve in which it hangs, 160, 161 

Chemistry, Useful, 70 

Circle, Pitch, of spur wheel, 27 

Coefficient of friction, 35, 244 

Columns, 53, 54 

— breaking stress for, Table of, 
131 

— Gordon's rules for strength of, 
131,133 

— Hollow cylindric, of cast iron, 
54,59 

— Long, break by bending, 54, 130 

— Mode of breaking varies with 
length, 130 

Combination of pure harmonic mo- 
tions, 189, 192 

Comparison of laws of fluid and 
solid friction, 251 

— — linear motion and angular 
motion, 236, 239 

Compensation balance of watch, 
194 

— pendulum, 185 

Compound harmonic motions, 
curves of, and how plotted, 190 — 
191 
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— pendulum, 194 

— — Rule for time of vibration, 195 
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53,58,130 
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Concrete, Composition of, 73 
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perimenting with, 242 

Motion of, 179, 192 

Connecting-rod and crank, Motions 
of, 28— 30 

Centrifugal force of, 220 

Constraint of spiral spring, 197 

twisted wire, 199 
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Copper, Alloys of, 85 

— Propertied and use of, 85 
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—35 
Core used in castings, 81 
Correction of errors in experiments, 
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Couple, Definition of, 232 

— equivalent to a system of forces, 
140 
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— Dynamometer, 31, 36 
Crane, Efficiency of, 16 

— Friction in, 15 

— Law for, 17 

Crank and connecting-rod, 28, 220 

travel of piston, 233 

Curvature, 223. 
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Curve, Elastic, 109 
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Energy, Loss of, due to friction, 
11— 14 

— Potential, 38-40, 75, 234 

— Storage of, during impact, 212 
Store of, in water, 75 

— wasted in fluid friction, Rule for 
finding, 76 

Engine, Locomotive, balancing of, 
220 

— Steam, fly-wheel for, 50 
giving out energy, 26 

Indicated horse-power of, how 

found, 233 

Equilibrant of two or more forces, 
137,229 

Equilibrium of forces, 3, 139, 159, 
229 / 

Equivalent simple pendulum, 194 

Escapements, 188 

Experience gained by making skele- 
ton drawings, 28 

Experiments, Necessity for, 8 

Extension, 51—58 

— of part of loaded beam, 102, 108 

— of similar and similarly loaded 
rods, 134 

— of spiral spring, experiments, 
174 

wrought iron tie-rod, example, 

53 

— produced by load suddenly ap- 
plied, 63 

— proportional to load which pro- 
duce! it, 52 



pACTOR of safety, 120 

Table giving usual values 

of, 121 
Vailing bodies. Laws of, 39—40 
Fatigue of materials, 63, 100, 193 
Figures, Properties of struight- 

line, 146, 147 
— Reciprocal, 148 



Firwoods, 77 

Fixed ends, Beams with, 113, 119 

Struts with, 133 

Flanges in beams and girders, 51, 

106, 115 
Flat plates, Strength of, 133 
Flow of water in pipes and pumps, 

75,77 

from an orifice, 76 

Fluid friction, 75, 199, 247—251 
Apparatus for investigating, 

248 
Laws of, 251 

— pressure, 59, 61, 74, 75, 111 

Arches to withstand, 111 

Fly-wheels, Calculation of the size 

of, 48— 50 
Foot-pound, 12, 232 
Force, Centrifugal, 218, 239 

— how represented, 136 

— Moment of a, 23, 229 

— polygon, 137, 139 

— Shearing, in beams and girders, 
104, 114, 129 

Forces acting at a point, 136— 140, 

159,228 
ou arbor of spiral spring, 167 

— Equilibrium of, 3, 137, 139, 229 

— Polygon of, 4, 137, 229 

— Triangle of, 3, 229 
Friction and abrasion, 247 

— a passive force, 4—5, 6, 243 

— apparatus, 245 

— at bearings of shafts, 12- -14 

— between cord and post, 33—35 

— Coefficient of, 35, 244 

— Effect of, as distinguished from 
force of, 6, 11 

— Experiments on, 7—10 
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— in fluids, 75, 199, 247, 251 
measured by heavy discs, 
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QATES used in casting; 81 

Geology, Principles of nwrfnl, 

71 
Girders (see Beams) 
Glass, Composition and properties 

of, 79 
— Toughened, 80 
Graphical statics, 135—166 

Mr. Bow's notation in, 150 

Gravity, Intensity of, how found, 

195 
Gun metal, 85 
Gun, Recoil of ,209 
Gyration, Radios of, 144 
Gyrostat, 215 



TJARMONIC motion, Pure, 29, 

179 
acceleration at any point, 

181 

Examples of, 180 

of liquid in U tube, 186 
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periodic time, Rule for find. 
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— Representation of, 180 
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by belt, 32 

shafts, 26— 30, 237 

toothed wheels, 133 

— through coupling, how 

measured, 31 
Hydraulic press, 25, 26 
Hydrostatic arch, 111 



JMPACT, average force of, 205 
— mean pressure daring, 211 

— mutual pressure during, 208 

— of two free ivory balls, 211 

— Total momentum unaltered by, 
208 

Impulse and blow, 206, 203, 239 

Inclined plane, 17, 18, 20 

India-rubber beam, Bending of, 101 

Indicator diagram, 233 

Inert! i, Moment of, 46, 105, 236 

— for rectangular or circular 

section, 107 
— greatest and least for any 

area, 144 
Internal strains due to contraction 

in cooling, 79—83 

— — at sharp corners, 82 
Iron, Annealing of, 83, 84 

— Cast, 80-88 
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Iron, Wrought, Varieties and pro- 
perties of, 83, 84 
Isochronism of spiral springs, 170 



JOINTS, Effect of stiffness of, 156 
— masonry, Middle third of, 
130, 163, 166 

— of arch, Link polygon nearly nor- 
mal to, 163 

structures, Stresses at, 149 

— riveted, Strength of, 88 

— Treenails in wooden, 78 



XT ILLlNG wire, Meaning oi, 62 
Kinetic energy, 38—50, 234, 

237 
converted into potential, 40, 

187 

stored up in any machine, 50 

in water, 75 

— friction apparatus, 245 



T ADDEE, Forces acting on a, 

graphically determined, 141 
Larch timber, 77 
Law for a machine, 17 

— of moments, 23, 230 

— : applied to stresses at section 

of loaded structure, 158 

work, 17, 23, 231 ' 

Laws connecting variable things, 

how found, 7, 10 

— of falling bodies, 39, 40 

— of friction between solids, 251 
fluid friction, 251 

Level surface, Definition of, 223 
Lever, 23—26, 232 

Limestones, Compact and granular, 
71 



Limestones, Pure and hydraulic, 72 
Limits of elasticity, 55, 100, 128 
Linear motion and angular, com- 
pared, 236-239 
Lines, and what they may represent, 

136 
Link motion, 30 

— polygon, 137 

a diagram of bending moment 

164 
for a ch, Fuller's method of 

drawing, 164 
for minimum thrust at crown 

of arch, 164 
must c it joint of arch nearly 

normal, 163 

pole of, 138 

Liquid in a U tube, Harmonic 

motion of, 186 
Time of vibration of, 

187 
Load, Breaking, Rule for finding* 

120 

— carried by an arch, how distri- 
buted, 162 

— Live or dead, 113, 121 

— proportional to strength modu- 
lus, 106, 123 

— Similar, on similar structures, 134 
Loaded beam, Bending moment in, 

114 

— chain of suspension bridge, 160, 
161 

— links, Stresses in, 159 
Locomotive engine, Balancing of, 

220—222 

Considerations in designing, 

220 



TIT OF A FLY-WHEEL, 44-49 

— of any machine, 50 
— ratio of values for similar wheels, 



41) 



M, Ujw of, in designing Qj-wheali, 


Mod olid of n^i'lit*. IT, (tf, «T. 


18 


», sa 


Machines, Balancing of, 218 


Moment, Beading, 103, 10* 


— Efficiency of, M 


Diagrams of, 116—118 


— in hoi, 5 


— of a force, 23. £29 


— Liw for, 17 


insrtii. 46. 105, 107, 238 


— Mechanical ^tvimlagB if. 17 -38 


Formnla for, MS 


— StendJoaw of, 48 


Poinsof s theorem ragardinf. 


Magoot, Time of til'nlion of. 200 




Mahogany limber, 78 


— — momentnm. denned. 238, MB 


Maiunprinu Is time-knpaB, Officst 


Momenta, Law of. 23. 23) 


or, in 




Hurbl*. Fnnuatiun and character 


tUuMatm, isb 


ot.71 


Momentum, Definition of. 23? 


Mniinrj arch, 102 


— Total, unaltered bj impact. 208 


Hub, DefloJtiao of, 223, 230 


Mortar, how prepared and why It 


— Bccipromtius, in locomotiia, 


frlT J T*1. ~-. H 


MO 


Motion, t'oinmuniontion of, in U- 


Mainriali. Behavionr of , when over- 




strained, 62, 63, 99, HB 


Motioo is either translation, rota- 




tion, or both, 216 


giplors, fur strength, 108, IIS, 


— Linear snd angular, compared. St 


lid 


—239 


Kiu pressure during impact, ail 




Mecftjunical adrantjgB, 1* 


Rotational. W 


of blocks ikii'l tackle, 17 


— Processional, Enmplea of, £15 


. — dillcrentiAl pulley-block, 19 


— produced by a blow. 218 


L/dnnlic prow. 98 


Moulds for castings, 81 


inclined pkuie, 18, 30 




lo.tr, 23 


Mutual pressure during impact. 




208 


wheel and axle, 20 




Mechanics, method of study. 2, 28. 




Mechanism, at 


J^ATUBE of pare si™ strain. tO, 


Hem el timber, 77 




strain, 58, 57 


Metula, 80-85 


Neutral aiia, defined, 105 


— Tables giring strength of, 68, 68. 


— — passes through centra of era 


III. 131 


Tit; of lection, 105 


Middle third of joint in arch ring, 


Radius of curtature of, 108 




— Hue, 102, 105, 107 


Modulus of elasticity of bulk, K, 57. 




SB, fJ 


Notation in graphical statics, Mr 


Toong's. E. 51, 69, 02 
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QAK timber, 78 

Orifice, Flow through, 76 
Oscillation, Centre of, 195 
— and suspension, Centres of, 197 



pAPEE, Squared, 7, 10, 15 

Parallel motion, Friction of, 

13 
Patterns for moulds, 81 
Pendulum arranged to trace curve 

of sines, 201 

— Ballistic, 217 

— Blackburn's, for combining har- 
monic motions, 189, 190 

— Compensation, 185 

— Compound, 194 

— Conical, 179, 242 

— Equivalent simple, 194 

— Radius of gyration of, 195 

— Simple, 37, 184, 187, 194 

Time of vibration of, 185 

Percussion, Centre of, 195 

how found, 217, 218 

Periodic motion, 179 

Examples of, 188 

Rotational, 192 

— time, 179 

Rule for finding, 183 

of balance of watch, 193 

Permaneut axes in machines, 
Necessity for, 219 

— axis, Meaning of, 219 

— set, 55, 103 

Phosphor bronze, Composition of, 

85 
Pile-driver, Energy in, 208 
Pillars, Gordon's formula) for 

strength of, 131, 133 

— Ways of breaking, 130 

— with ends fixed, 131 

rounded, 133 

Pipes, Flow of water in, 75 



Pipes, Rule for bursting pressure 
of, 60 

— Strength of water, 59 
Piston, 28, 233 

Piston-rod slide, Friction of, 13, 
14 

Strength of, 65 

Pitch circle of spur wheel, 27 

— of screw, 18 

teeth, Rule for, 133 

wheel teeth, 27 

Plane, Inclined, 17, 20 
Plates, Boiler, 60, 88 

— Strength of flat, 133 
Pole of link polygon, 138 
Polygon, Closed, 137 

— Force, 137 

— Link, 137 

— Unclosed, 137 

— of forces, 4, 229 
Potential energy, 38, 234 
stored up in water, 75 

converted into kinetic, 40, 

187 
Power, meaning of the term, 15, 

233 (see Horse-power) 
Precessional motion, 215 
Pressure during impact, 296 
Pressure-energy of water, 75 

— Fluid, 59, 61, 75, 111 

— on bearings of shafts, 218 

— on teeth of wheels, 133 

— of steam on piston, how found, 
233 

wind on roofs, 154 

Principal axes of an ellipse, 144 
Prints on patterns, 81 
Propeller screw, Exercise on, 19 
Puddling, 83 
Pull in belt, 32 

— how transmitted by wire, 51 

— in cord, Difference of, on two 
sides of pulley, 4, 11, 32 

Pulley and cord, Friction between. 





xmotkmi 



bow i*rod.uced,39 

3s*nr»o£,!ft) 



QCASr-BISHDITT 
i««d »«*%*» *is t jig 






Sow te 



i»»lA 



JJADLLX Dedmtion of. 35 
Radios of Cnrrature, 293 
of any fibre in bans 

how found. 108 

elastic carre, LM 

gyration, 144 

of pendulum, S6 

JUtio, Velocity. *, ST 
Reaction of fluids, A; 

the principle of, 209 
Reciprocal figures, 148 
ITn ipim aHiig mass i 



ppKcntion of 



Becoil of gun, 208 

Bed pine, or Memel timber, 77 

Bo-entrant edges or corners, weak 

points, 82,9° 
■elation between bending and twiat> 

vsg of crHndric shaft, 112 



US 



Defim&ox of, ISf, 228 
om joint of arch ring; Us, 



—of 

137, 1» 
Bib, Arched, ia in 

in 



10B 



9oni&> 



of the terra, 



of, BT, 87, 98, 



215 






the 



of, 71 



of, 71 



of, 155 
— Weight of snow ou» 



Boof - principal, 

in, ISO— 153 



m,154 
Investigation of 




43-51 



of the 
Bupert's drop. Condition 

gnaw in, 80 
Rapt ore prodncad by 

88.89,98 



upm, 

198 
,236 
of the 



CjAFRTY, factor of, 120 

— — — Table giving usual 

TRAMS Of, ttl 

— ralre, Weighted, 24 
flandatones, Character of, 71 
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Screw, Mechanical advantage of, 
18 

— Pitch of, 18 

— propeller of vessel, Exercise on, 
19 

Section of beam varied for uniform 
strength, 119 

loaded beam or arch, resultant 

of stresses at, 128—130 

structures, stress at, how cal- 
culated, 157, 158 

Set, Permanent, 55, 100 

Shafts, cylindric, Relation between 
bending and twisting in, 112 

Strength of, 96 

— effects of twisting couple on 
different sections, 97—99 

— Effects produced by wheels fixed 
eccentrically on, 218, 219 

— Friction at bearings of, 12 
in quick-moving, 14 

— Power transmitted by, how 
measured, 31—35 

— Practical rule for strength of, 
95 

— Stiffness necessary as well as 
strength, 100 

— Torsional vibration of, when 
transmitting power, 95, 101 

Shape of a loaded beam, 145, 146 

chain, 160 

wheel teeth, 27, 28 

Shearing and punchiug, 88, 89 

— force in beams and girders, 104, 
114, 115 

Shear strain, 86—101 

Nature of, 90 

pure, How to produce, 86, 89 

— — and shear stress, Relation 
between, 92 

— stress, 86—101 

Simple pendulum, '39, 184, 187, 194 
Sine of an angle, 235 
Sines, Curve of, how drawn, 189, 
200,204 



Sines, Curve of, interpreted, 200 
traced by a pendulum bob, 

201 
Skeleton drawings instructive and 

necessary, 28—30 
Slide and piston-rod, 13, 14, 220 
Slide valve, Motion of, 30 

— rule, Use of, 136 

Solids, Laws of friction between, 

251 
Specific gravity, Definition and 
examples of, 256 

table of values, 68, 69 

Spherical boiler, Strength of, 61 
Spinning bodies, processional mo- 
tion of, 215 
Spiral spring, cylindric, Angular 
motion of, due to turning mo- 
ment, 178 

— — — Behaviour of, when 
weighted, 178, 183 

— Elongation in different 

cases, 176 

in dynamometer coupling, 

31,35 

Investigation of the forces 

in a weighted, 173 

Experiment ehow ng relation 

between extension of spring and 
twisting of wire, 174 

— Resilience of, 176 

Strength of, 175 

Twisting moments of, ex- 
perimentally determined, 197 

Ultimate elongation, 177 

Work stored up in, 176 

Flat, Angle of winding propor- 
tional to couple in, 170 

Bending moment in, 168 

Change of curvature of, 

167 

Curve for turning moment 

of, 171 

Isochronisxa, how usually 

obtained, 170 



«8 




Spiral spring. Flat, Turning mo- 


Strain! due to contraction in oooV 


ment proportional to winding, 171 


B*j,n <;. 


Scored paper, Use of, 7—10, 19, 


BtOtttSM rui-13. 71 




Strength and stiffness of beam*, 


Slate 'if Blra in nlTpets ebatie 


Table* giving, 116— 1 IS, 131 


•trtmgth. 02, SI, SB, 103 


— — beat section of beam fur. 


Statical friction. 248 


106 


statics. Graphical, 135-18* 


— Elastic, 50, 99-100 


SWertineaa ot Mi.oliine., 48. 219 


— modulo* for beams of different 


ht-rmD-cagine, Condensing Anil non- 


■odious. 106 


CUDllmuiDR, 5ft 


— of rectangular beams, bow It 


Fir-wheel for, 50 


varies with breadth and depth. 


giving: out energy, m 


121, 125 


indicated borac-powor, now 


supported at ends and 


'omul, n 


loaded in middle. Table, 121 


Stool, Carbon noil impiiritiea In, 






Gordon'* rule for, 131- 


- Strength of, 84 




- Tempering of, 68 


— — crllndrio spiral spring, 175 




flat plates, 133, 131 




pipes and boilers, 59-61 


101 


riveted joints in boiler platen. 


— ot beam*, how it varies witb 


H 


linear dimensions, 125, 126 


lint cs, 95—101 


SI 1,1 1 IK- of vil.RitiOUS, 200 




Stone, 71 


loaded, W 


- An artificial, bow made. 72 


structures with stiff joint*. 


-*mm—lkm*,1U.n 




Storage o( energy during impact. 


teeth or wheels. 133 


« 


timber. 77. 78, 121 


Store of energy™ a moving body, 


- Table of. for different materials. 


39,75 


68,6* 


ofra'ght lino figures, FropertioH of, 




116—1 IS 


— Aroomrt of, anywhere in a section). 


on squared paper, Meaning of. 


106,107 


9,10 


— Breaking, for beitus, 129 








tabic of values. 68,69 


— oncrvy. Storage and transmission 


— dwgruins, Examples of, 155 


of, M, 63 


— bow represented, 135 




— tensile and compressive often ro. 


. ■>■ from neutral surface, 


pealed. Effect of, 65 




— working shear, 88 


— Nature of, in a wire, 56, 57 


Stresses at ioiuts of structural. 
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Stresses in a hinged structure, Con- 
ditions for calculating, 149 

— — loaded chain of suspension 
bridge, 160 

linka, 159 

— — roof - principal, how deter- 
mined, 150—153 

Strip of steel, Forms assumed by, 
109 

Time of vibration of, 188 

Vibration of, in two direc- 
tions, 192 

Structures, Hinged, 146—149 . 

— similar and similarly loaded, 
Strength of, 134 

Struts, 53, 54, 150 

~ Gordon's rules for strength of, 
131—133 

— long, Modes of breaking, 130 

— with ends fixed, and hinged, 
131 

Suddenly applied load) Effect of, 63, 

64 
Supporting and loading, Effects of 

different methods of, 113, 116— 

122 
Suspension, Axis of, 195, 217 

— Bifilar, 200 

— bridge, Stresses in chain of, 
160 

Symbols, Algebraic, 1 



rpACKLE, Blocks and, mechanical 

advantage, 17 
Teak timber, 78 
Teeth of wheels, Cycloidal, 28 

like beams fixed at one end. 

133 

Pitch and number of, 27 

Bule for, 133 

— Pressure on, 133 

— Shapes of, 27, 28 



Teeth of wheel?, Strength of, 

133 
Temperature, Effects of, on beams 

and supports, 113 
Tempering steel, Method of, 66 
Tensile strength of materials, 58, 

68, 69, 134 
Thrust at crown of arch, 163, 165 
Tie-rod, 53, 150 
Timber, Ash, 78 

— beams, Strength of, 120, 121 

— Beech, 78 

— Cedar, 78 

— Durability of, 78 

— Elm, 78 

— Felling of, 78 

— Larch, 77 

— Mahogany, 78 

— Memel, 77 

— Oak, 78 

— Preservation of, 79 

— Seasoning of, 79 

— Teak, 78 

— Warping of, 77 

— White fir or Norway spruoe, 
77 

Time of vibration of balance of a 

watch, 193 
bar hung at end of a wire, 

199 

— — — — compound pendulum, 195 

— — — — liquid in bent tube, 187 

— — — — magnet, 200 

— — simple pendulum, 185 

— — — — spiral spring, 183 

— Periodic, of a pure harmonic 
motion, Bule for, 183 

Torque, Definition of, 231 
Torsional vibrations of shaft and 

want of stiffness, 100, 101 
Torsion of shafts and beams, 93— 

101 
Transmission dynamometer, 35, 86 

— of power by belts and pulleys. 



370 ISML 


Trunin lialun of power by •lutfta, 


Vibrations, Dimmed. Xmw lea, »1 


m«-in 


— InresligaSioo ctf da-asaa; ij, 


wlivplir. 27. 43, 1SS 


201 


il.mlu riHjiw. HI. ta.M, 211 


— nepnxntatioit ot, 204 




— swung of, am 


TrluiKl* ot fnrrw.. 3. It, aft 


Visooirt j measured by twice in win. 


Twtut, Angle of, 81, W 


u», w 


- bow mourned. 30, 81, BS-W 


— Hdatire, Example, worked oat. 


TwlatluV iiii.l fH'iniluK OOnlbllied 


acts 


riiiinf>ini.inii 


Yonsaoin, Pnmni on. 102 


Solatiou between. 113 




— moment. OS— 101 




lc|Hirlmi>nt«l ipmnliHnllonof. 




IW-IKU 






\y ALL, Pressure of earth .gunat, 
" 73, 7* 




Watch balance, Motion ot US 


1 1 TVn, Vibration of liquid in. 

1 1WI. 1H7 


Waterfall. Energy in, fl 


Water llowing through an orlBco, 


Unclosed pplja™, 137 


Velocity of, 76, 77 


Uniform ratoaUr "tlo gl>oa by 


— Friction of, in pipes and rumpi, 


Oyill-lllllLl llHltb, U 


7S.7B 


--•tniwtll illbeiin, till 


— Pressure of Htill. 71 


U mi Of olouiootury principle*, 70 


— pressure on ui surface anb- 




merged, 74, 75 




— Quantity of, flawing thrungh a 








— Total energy of, 75 


y A l,V K. SWf.il.j, Esamnlo of, M 
v did*, Ibttenor.ao 


Wntcrpipas, Btnsngth of, 59, HO 


Weighbridge, Meoli ii niiuil udvantsKe 


Varlablo things oompai'od. 7. 10 


of. 24 


v.l,.,ny, UoilutUou of, 324 


Weight of a b-dj, 23. 224 


littnlWi IT* 


Wheel and axle, Mechanical ad van 


— ill uuy point In piiro harnionio 




,,,011.,,,. how found, 180 


- Nccea*ity for drawings of, 28 


- r,[ bull.'t. bow uiuiuured, 218 


— uf locomotive, Balance weight* 


- ratio. U, 27 




Virata, line of, In moiddfng, SI 


teeth. Pressure on, 133 


V.ittluul lino, Definition of. 323 


— — Shapes of, 37 


Vi1.ral.lou, Amplitude of a, »1 


White fir or Norway sprnoe, 77 


- Katun ot a. 40, 187 


Wind preaaara nguinst roofs, 15* 


— I'iiue of, for simple pendulum, 


Work, Definition of, 2S2 


185 


— bow measured, 5, 0, IS, IS, U. 


— Torsional, ot a shaft, 101 


32. 232, 213 
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Work, Law of, 5, 17, 231 

— lost in friction, 11—17 

— Bate of doing, 15. 233 
Working stress, 50 
Worm and worm-wheel, 28 
Wrought iron, 83, 84 



VOUNG'S modulus of elasticity, 
E, 54, 09, 92 



ZINC, Alloys of, with copper, 
85 



THK END. 
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'■ CAiima." Illustrated Paper for Boys. Weekly 
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John Iuttch Shcipff (Father John). Translated by E. 
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. Paul, The Life and Work of. By ihe Very Rev. Dull Fakka., 
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' ■■ ■ r, D.C.L. F,jth Edition. 7a, 6rL 



Selections from Cassell f Company s Publications, 



titacotional tffltorha att& Sftuirettta' JKarauda. 

Agricultural Text-Books, Cassell's. (The "Downton" Series.) Edited 

by John Wrightson, Professor of Agriculture. Fully Illustrated, 

as. 6d. each.— Farm Crops. By Prof. Wrightson.— Soils and 

Manures. By J. M. H. Munro, D.Sc. (London), F.I.C., F.C.S. 

—Live Stock. By Prof. Wrightson. 
Alphabet, Cassell's Pictorial, as. and as. 6d. 
Arithmetics, Cassell's " Belle Sauvagc." By Georgb Ricks, B.Sc. 

Lond. With Test Cards. (List on application.) 
Atlas, Cassell's Popular. Containing 34 Coloured Maps. is. 6d. 
Book-Keeping. By Theodore Jones. For Schools, as. ; cloth, 38. 

For the Million, as. ; cloth. 3s. Books for Jones's System, as. 
British Empire Map of the World. New Map for Schools and 

Institutes. By G. R. Parkin and J. G. Bartholomew, F.R.G.S. 85s. 
Chemistry, The Public School. By J. H. Anderson, M.A. as. 6d. 
Cookery for Schools. By Lizzie Heritage. 6d. 
Dulce Domum. Rhymes and Songs for Children. Edited by John 

Farmer, Editor of 1 ' Gaudeamus, &c. Old Notation and Words. 5s. 
N.B.— The words of the Songs in "Dulce Domura" (with the Airs both 

in Tonic Sol-fa and Old Notation) can be had in Two Parts, 6d. each. 
Euclid, Cassell's. Edited by Prof. Wallace, M.A. is. 
Euclid, The First Four Books of. New Edition. In paper, 6d. ; cloth, gd. 
Experimental Geometry. By Paul Bert. Illustrated, is. 6d. 
French, Cassell's Lessons in. New and Revised Edition. Parts I. 

and II., each is. 6d. ; complete as. 6d. Key, zs. 6d. 
French-English and English- French Dictionary. Entirely New 

and Enlarged Edition. Cloth, 3s. 6d. ; half-morocco, 5s. 
French Reader, Cassell's Public School. By G. S. Conrad, as. ta. 
Oaudeamus. Songs for Colleges and Schools. Edited by John Farmer. 

5s. Words only, paper covers, 6d. ; cloth, gd. 
Ger_Jian Dictionary. Cassell's. (German-English, English- German). 

Cheap Edition. Cloth, 33. 6d. ; half-morocco, 5s. 
Hand and Eye Training. By G. Ricks, B.Sc. 2 Vols., with 16 Coloured 

Plates in each Vol. Cr. 4 to, 6s. each. Cards for Class Use, 5 sets, is. each. 
Hand and Eye Tmining. By George Ricks, B.Sc., and Joseph 

Vaughan. Illustrated. Vol. 1. Designing with Coloured Papers ; 

Vol. II. Cardboard Work, as. each. Vol. III. Colour Work 

and Design, 3s. 
Historical Cartoons, Cassell's Coloured. Size 45 in. x 35 in., as. 

each. Mounted on canvas and varnished, with rollers, 5s. each. 
Italian Lessons, with Exercises, Cassell's. Cloth, as. 
Latin Dictionary, Cassell's. (Latin - English and English- Latin.) 

Revised by J. R. V. March ant, M.A., and J. F. Charles, B.A. 

Cloth, 3s. od. ; half-morocco, 5s. 
Latin Primer, The First. By Prof. Postgatb. is. 
Latin Primer, The New. By Prof. J. P. Postgate. Crown 8vo, as. 6d. 
Latin Prose for Lower Forms. By M. A. Bayfield, M.A. ss. 6d. 
Laws of E very-day Life. By H. O. Arnold- Forster, M.P. is. 6d. 

Special Edition on Green Paper for Persons with Weak Eyesight as. 
Lessons in Our Laws: or, Talks at Broadacre Farm. By H. F. 

Lester, B.A. Parts I. and II., is. 6d. each. 
Little Folks' History of England. Illustrated, is. 6d. 
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